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| Laboratory Investigations of the Mechanism 


of Cavitation 


By R. T. KNAPP! ann A. HOLLANDER,* PASADENA, CALIF. 


The paper describes some experimental investigations of gether with tentative analyses of their significance and implica- 
the formation and collapse of cavitation bubbles. The _ tions. 
experiments were carried on in the high-speed water tun- Par 
nel of the Hydrodynamics Laboratory of the California EXxpeRIMENTAL Mersons anD EquipMENT 
Institute of Technology under the sponsorship of the Re- The experimental approach to the problem may be divided 
search and Development Division of the Bureau of Ord- naturally as follows: 
Srapetytesy U. ee, and the ser io gs Section 1 The production of the desired degree of cavitation under 

inthe He, cheeses Researc Sas We lled study of measurable and reproducible conditions which are suitable for 
aha formation soe ee Mes Sek oo bubbles has vation: 
carried on by use -speed ion pictures g : eee : +448 

By ya fa 1 0008 BAe ace! Frou these records is Vig photographic recording of the details of the cavitation 
calculations have been made of rate of formation and col- : f 
lapse of the bubbles. Deductions have been drawn from — The equipment and technique required for each part will be 
these results concerning the physical mechanism of the  ‘esribed separately. 


cavitation phenomenon. Production of Cavitation in High-Speeed Water Tunnel. The 
ay ° high-speed water tunnel was chosen as the major piece of equip- 

Isnerent Dirviccis1s or OBseRVATION oF CAVITATION ment for use with this project because the pressure, velocity, and 
Process temperature of the liquid in, the working section could be con- 


trolled accurately at any desired set of values within the range 
necessary to produce or eliminate cavitation on a wide variety of 
experimental shapes. A detailed description of the construction 
and operation of this tunnel has been given in another paper.? 

In the series of experiments now under consideration, measure- 
ments have been made at velocities of from 30 to 70 fps, with 
absolute pressures at the wall of the working section ranging from 
about 11/, to 50 psi above vapor pressure. Temperature range 
has been held to within a few degrees of room temperature. 
Nearly all the observations have been made on flow around bodies 
of revolution which have been mounted with their axes either 
parallel or within a few degrees of parallel with the direction of 
flow. Wide ranges of forebody or nose shapes and afterbody 
shapes have been studied. Pressure-distribution measurements 
have been made on some selected shapes of these series. Ali of 
the bodies studied have had a uniform maximum diameter of 2 
in. The observations under consideration’ at this time have 
all been made on cavitation occurring on or adjacent to a series of 
ogive noses. The ogive nose is a very simple shape, as may be 
seen from Fig. 1. It can be defined as being generated by re- 
volving a circular arc about the axis of revolution of the cylinder. 
One end of the arc is tangent to an element of the cylinder; the 


of cavitation would agree that there is considerably more 
conjecture than knowledge .on the physical events that 
take place during cavitation. Much of this lack of knowledge 
is due to the fact that it is inherently difficult to observe and 
| record the details of the phenomenon. The individual bubbles 
or voids form and collapse with great rapidity. Furthermore, 
cavitation is generally caused by fast-moving bodies in liquid, 
either with a free surface (propeller, torpedo), or in closed con- 
duits (pump or turbine impeller), so that even the study of simpler 
cases with a stationary object and fast-moving liquid to attain 
the same relative speed is difficult. The result is that most of 
the experimental observations in the past have been restricted 
either to the study of the effect of cavitation, ie., cavitation 
damage, or to the recording of the over-all or instantaneous pic- 
tures of some stage of the cavitation process. As a consequence 
of the lack of such detailed information, no quantitative descrip- 
tion has been developed of the actual physical processes which 
take place during cavitation. Thus although many- attempts 
have been made to develop analytical interpretations they have 
been based upon widely different physical assumptions, many of 
which have little background of experimental fact. The objective 
of the present study has been to attempt to furnish 4 more quanti- *“The Hydrodynamics Laboratory at the California Institute of 
tative physical knowledge concerning the mechanism of cavita- Technology,” by R. T. Knapp, Joseph Levy, F. Barton Brown, and 
tion and to formulate some elementary analytical descriptions J- Pat O'Neill, Trans. ASME, this issue, pp. 437-457. 
of the phenomenon on the basis of these physical observations. 
This paper, in turn, is only a preliminary report for the purpose 
of presenting some of the first experimental observations, to- 


P [porzast is little doubt but that most workers in the field 
e 


1 Director, Hydrodynamics Laboratory, California Institute of 
Technology. Mem. ASME. 

2 Research Engineer, Hydrodynamics Laboratory, California Insti- 
tute of Technology. Mem. ASME. 
| Contributed by the Hydraulic Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Toe 
Amezicax Society or MecHAniIcaL EnGIneers. 


Nore: Statements and opinions advanced in papers are to be ‘= Ee 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-150. Fig. 1 1.5-Carrer Ocive Nose 
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other end intersects the axis. It is convenient to express the 
radius of this are in terms of the diameter of the cylinder, i.e., 
the generatrix of a 11/2 d ogive is an arc whose radius is 11/2 times 
the diameter of the cylinder. J 

High-Speed Motion-Picture Piano The tool selected 
to record the physical details of the cavitation phenomenon is 
high-speed motion-picture photography. Motion pictures taken 
at one speed and projected at another can be thought of as per- 
forming the function of a time telescope or microscope. With 
this conception, the ratio of magnification will be measured by 
the ratio of the picture-taking speed to the projecting speed of the 
picture. For example, if pictures are taken of a given phenome- 
non at relatively long intervals and then projected at the normal 
speed necessary for viewing movies, the time scale of the phenome- 
non is changed in a manner similar to the way the distance scale 
of an object is changed when observed through a telescope. The 
telescope brings the distant object close enough to the observer, 
so that details of its structure can be observed; the speeded-up 
projection of the pictures brings the time details of the phenome- 
non close enough together, so that they can be observed. Con- 
versely, motion pictures taken at a high rate of speed and pro- 
jected at a much lower rate of speed serve as a time microscope, 
since the process resolves the details in time in the same manner 
as the microscope resolves the details in space. 

In the present study, pictures of cavitation have been taken at 
varying rates from 64 per sec to 20,000 per sec. When these 
are projected at the normal viewing speed of 16 per sec, time 
magnifications covering ratios of 4:1 to 1250:1 are secured. 
Equipment such as this is needed to change the time scale for 
exactly the same reason that telescopes and microscopes are 
needed to change the length scale. The human senses and 
brain have a limited range in which they can get an undistorted 
concept of what is occurring. Therefore it is necessary to 
transform the actual times and distances involved in a given 
phenomenon until they fall within these limited ranges. 

Description of Photographic Equipment. Photographic equip- 
ment used in this study is of the multiflash type. The pioneer 
development in this field was carried on by Prof. Harold BE. Edger- 
ton and his associates at the Massachusetts Institute of Tech- 
nology. It consists of a simple camera in which the recording 
film moves constantly past the focal plane at a high speed. The 
camera has no shutter. Illumination required to take the pic- 
ture is provided by one or more synchronized flash lamps, which 
also act as the camera shutter. This requires that the flash 
duration be so short that neither the image of the object on the 
film nor the film itself move an appreciable distance while the 
light is on. As the number of the pictures taken per second in- 
creases, the film motion becomes the controlling factor in most 
cases. Up to the present time satisfactory pictures have been 
taken at rates up to 30,000 exposures per sec. The lamp equip- 
ment has been operated up to 50,000 flashes per sec, but as yet the 
obtainable film speeds have not been high enough to give a satis- 
factory frame height for use at this rate. 5 

(a) Camera. The camera itself is the standard General Radio 
type instrument as shown in Fig. 2. A series of lenses of varying 
focal lengths have been fitted to it to increase its flexibility. The 
commutator provided on the film drum is not used; instead, the 
pulsing of the flash lamps is controlled by an oscillator. 

(b) Flash Lamps. Considerable development work has been 
carried on to increase the rate at which the flash lamps can be Op- 
erated. The original equipment, as developed by Edgerton, 
operated satisfactorily at the rate of 3000 flashes per sec. In- 
vestigation showed that this limitation was in the control cir- 
cuits and not in the lamp itself. Consequently, the laboratory 
has undertaken the development of a system which utilizes sey- 
eral control circuits synchronized through a common multiphase 
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Fig. 2 Hiesu-Sprep Morion-Picture CAMERA 


oscillator circuit, but discharging in rotation through a single 
lamp. 

‘ By the use of this system the flash rate becomes equal to the 
maximum rate at which a single control circuit can be operated, 
multiplied by the number of circuits involved. At the present 
time six circuits have been used simultaneously in 6-phase 
array with proper electronic switching devices to permit all of 
the circuits to discharge through a common lamp. 

In the design and development of a combination camera and 
flash-lamp system of this type, it is necessary to bear in mind 
the extreme importance of the relationship between the camera 
and the lights because the lights function as the camera shutter. 
In fact, the characteristics of the flash lamps exert a controlling 
influence upon the work that can be done with the combination. 
The most important characteristic of the flash lamp is the effec- 
tive duration of the flash. The minimum available flash dura- 
tion limits the maximum usable film speed. 

In this system of photography, the film moves continuously. 
Therefore the flash duration must be short enough to stop the 
motion of the film; otherwise, the record will be blurred. For 
critically sharp results, the maximum usable film speed can be 
calculated from the criterion that the allowable film motion dur- 
ing one flash should not be greater than the diameter of the 
circle of confusion of the lens system. For extremely high-speed 
work it may be necessary to lower this requirement somewhat. 
The permissible deviation will depend upon the accuracy of 
measurements required from the record. At first sight this cri- 
terion may seem incomplete, since no consideration is given to 
the speed of the object being photographed. 

A simple example will show that, at least for the present use, 
this is not the case. Blurring is caused by a relative movement 
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. the film with respect to the camera frame. 
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between the image and the film during exposure. While making; 


cavitation photographs in the laboratory, the flow is at right 
angles to the motion of the film. The motion with respect to 
the film will be the vector sum of the motion of the image of the 
bubble with respect to the camera frame and the motion of 
The maximum flow 
velocity in the tunnel that has been photographed is about 75 
fps. The smallest reduction ratio used in the photograph is 


‘about 6:1, ie., the image on the film, and hence the image ve- 


locity on the film is not over !/s of the bubble velocity in the 
tunnel. Thus the maximum velocity of the image with respect 
to the camera frame is 12'/, fps. 

Most of the pictures were taken at a rate of 20,000 frames per 
sec. In order to keep the film speed to a minimum, very small 
frame heights were employed. Thus, on the average, each indi- 
vidual picture was about 1 in. wide X-1/,¢ in. high. This frame 
height of 1/15 in. requires a film speed of over 100 fps when the 
taking rate is 20,000 per sec and, even at this speed, all spacing 
between frames has to be eliminated. The vector sum of 100 
and 12'/2 is less than 101, i.e., the speed of the object had some- 
thing less than 1 per cent effect upon the relative speed between 
the image and the film. When the camera is further from the 
tunnel, or if a shorter-focal-length lens is used, the effect is even 
smaller. It is safe to conclude, therefore, that in the design of 
photographic equipment of this kind the speed of the object can 
be ignored safely. 

Another very important characteristic of the flash lamp when 
used in this system of photography is the intensity of the light. 
This intensity must be very high to produce an image of reasona- 
ble density in the very short exposure time available. The im- 
portance of illumination intensity can be seen clearly if the 
operation of this type of equipment is compared to that of a hypo- 
thetical motion-picture camera of the standard type, using a nor- 
mal shutter but operating at 20,000 exposures per sec. The nor- 
mal type of shutter has an opening of about 180 deg, which means 
that the effective exposure time is one half of the elapsed time 
between successive pictures. In this case the exposure would 
be 1/40,000 sec. If this is compared to the exposure time of 1/39 
to 1/59 sec for a normal camera operating at a conventional speed, 
it will be seen that an extremely intense illumination would be 
required if an adequate exposure were to be secured. However, 
1/4,000 See 18 25 microseconds. This is 25 times,as long as the 
flash duration, which is-1 microsecond. Hence the flash inten- 
sity must be at least 25 times as great ast hat required for this hy- 
pothetical conventional-type camera. The energy input to the 
lamp is at a rate corresponding to a continuous flow of 20 kw; 
however, as the lamp is burning only 1/59 of the total time, the 
energy input during the exposure is at the rate of 1000 kw. 

An example of the difference in the information obtainable with 
different taking rates is seen in Figs. 3(a to d). The film strips 
are all taken under the same conditions in the tunnel for the 
same degree of cavitation on the same model. In comparing 
strips 3(a) and 3(d), it should be remembered that there are 
1250 individual exposures on the d strip between each one on the 
a strip. The a strip was taken at the normal motion-picture 
rate. 


EXPERIMENTAL OBSERVATIONS 


An examination of some of the records shows that if all stages 
of cavitation are considered the phenomenon is very complex. 
For example, Fig. 4 presents a series of pictures showing in- 
creasing degrees of cavitation from the incipient point to the 
formation of a cavity large enough to contain the entire body. 
In this case, the shape is a hemispherical nose with a straight 
cylindrical afterbody. This entire series was obtained while the 
tunnel was operating at constant velocity with gradually decreas- 
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(a) (b) (c) (d) 


(a) 16 per sec (b) 64 per sec (ec) 1500 per see (d) 20,000 per sec 
Fie. 3 Comparison or Pictrurn-Takine RATES 


ing pressure in the working section. “It will be observed in each 
picture that many complex bubble groups are formed and if 
the life history of such a group is examined it will be seen that 
the individual bubbles interact and often combine in either the 
formation or the collapse stage. At the present time no at- 
tempt will be made to investigate these complicated interactions. 
Instead, consideration will be restricted to the simplest appear- 
ances that can be found on the records. For that reason a shape 
was chosen which, at least for low degrees of cavitation, tends to 
produce individual bubbles spaced far enough apart so that occa- 
sional ones can be found which throughout their entire life history 
of formation, collapse, and rebound are not seriously affected by 
interference from other bubbles. 

An example of the effect of surface curvature of the body on the 
appearance of the cavitation is shown in Figs. 5(a, b, and c). 
These pictures were taken for approximately the same degree of 
cavitation. However, the body noses are different. Fig. 5(a) 
is a hemispherical nose, Fig. 5(b) an 0.875-caliber ogive, and Fig. 
5(c) a 1.5-caliber ogive. The appearance of the cavitation in 
Fig. 5(a) is typical of that found on the blunter nose forms; 
whereas that in Fig. 5(c) is characteristic of the finer shapes. Fig. 
5(0) is a transition shape, showing some of the characteristics of 
both. The experimental material used in the rest of this presen- 
tation has all been obtained from records taken with a 1.5- 
caliber ogive nose mounted on a long cylindrical afterbody. 

Fig. 6 shows a record of the complete life history of a cavita- 
tion bubble. Strip (b)-is a direct continuation of strip (qa). 
These photographs were obtained at a tunnel velocity of 40 fps 
and a picture-taking rate of 20,000 frames per sec. It will be 
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Fic. 4 Cavitation DEVELOPMENT ON Bopy WitTH HEMISPHERICAL 
NosE 


[Views from top down: (a) K = 0.62; (b) K = 0.55; (c) K = 0.45; 
(d) K = 0.40; (e) K = 0.31, respectively.] 


seen that the life cycle of a bubble can be divided into a series of 
natural stages, as follows: 


1 Formation and growth, from first appearance to maximum 
diameter. : 

2 First collapse, from maximum diameter to first disappear- 
ance. 

3 First rebound, from first disappearance to second maxi- 
mum. 

4 Second collapse, from second maximum to second disap- 
pearance. 

5 Second rebound. 

6 Third collapse. 

7 Final rebound, collapse, and disappearance. 


A large share of the existing literature on cavitation has con- 
sidered only the second stage. The growth, rebound, and re- 
collapse phases have been ignored, in general, either because their 
existence was unknown or because they were considered an un- 
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Fic. 5 Errect or Surrace CuRVATURE ON APPEARANCE OF CavI- 
TATION 
[Views from top down: (a), (6), (c)] 


warranted complication. This can be understood on the basis 
discussed previously, i.e., most of the investigators have been 
concerned either with the investigation of methods for preventing 
the occurrence of cavitation, or with the determination of cavi- 
tation damage and the relative resistance of different materials 
to such damage. 

One of the assumptions commonly made is that the pressure in 
the bubble is approximately equal to the vapor pressure of the 
liquid at the mean temperature of the flow. There is much in- 
direct evidence to support the belief that this is the right order 
of magnitude for the pressure. For example, Fig. 4 shows a 
series of pictures of the development of cavitation on the hemi- 
spherical nose. It will be noted that in the initial stages, Figs. 
4 (a to c), the cavitation area is not symmetrical around the nose, 
but in each case it is wider at the top than at the bottom of 
the model. The only significant difference in the flow conditions 
from top to bottom is a change in the hydrostatic pressure which 
has an over-all magnitude of 2 in. of water. Thus the degree of 
cavitation is sensitive to a fraction of this very slight change of 
pressure. This furnishes a strong inference that the pressure 
within the bubble must likewise be small, that is, of the same 
order as the vapor pressure at the existing temperature, or it 
would not be affected by this small change in pressure. Similar 
evidence is given by the difference betwen the successive pictures. 
The change of the measured tunnel pressure between the pic- 
tures is very small in contrast to the great change in the cavitation 
areas. More direct evidence is given by the agreement between 
pressure-distribution measurements made under noncavitating 
conditions on a specific shape, with the pressure at which cavi- 
tation first appears on that shape. 

In the analysis of cavitation phenomena, the cavitation pa- 
rameter has been found very useful. This is defined as follows 


jet a hy —he 
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in which 
K = cavitation parameter 
pr = absolute pressure in the undisturbed liquid, psf 
hy, = same in feet of liquid, h, = ee 
io 4 
Pz = vapor pressure corresponding to water temperature, psf 
hg = same as pz in feet of liquid, h, = 2 
V = relative velocity between body and liquid, fps 
p = mass density of liquid, slugs per cuft = y/g 
y = specific weight of liquid, lb per cu ft 
g = acceleration of gravity, fps per sec 


It will be seen that the numerator of both expressions is simply 
the net pressure or head acting to collapse the cavity or bubble. 
The denominator is the velocity pressure or head. Since the 
entire variation in pressure around the moving body is a result 
of the velocity, the velocity head may be considered a measure of 
the pressure available to open up a cavitation void. From this 
. point of view, the cavitation parameter is simply the ratio of the 
pressure available for keeping the stream in contact with the 
body to the pressure available for opening the stream and per- 
mitting bubble formation. If the K for incipient cavitation is 
considered, (designated K;), it can be interpreted to mean the 
maximum reduction in pressure on the surface of the body 
measured in terms of the velocity head. Thus if a body starts 
to cavitate at the cavitation parameter of 1, it means that the 
lowest pressure at any point on the surface is one velocity head 
below that of the undisturbed fluid. 

It was found that for greater degrees of cavitation, measured by 
the extension of the bubble-covered section to !/s, 1/2, #/s, or full 
length of the body, the parameter K is equally significant, i-e., 
it signifies similar extensions for the same K values independently 
of the velocity. 


ANALYSIS OF OBSERVATIONS . 


The high-speed water tunnel is a piece of equipment which can 
be operated under accurately known and controlled conditions. 
The associated instruments and apparatus, including the photo- 
graphic equipment used in making the records of the formation 
and collapse of the cavitation bubble are quantitative instru- 
meénts. Therefore it is possible to evaluate the records of the 
cavitation bubbles with reasonable accuracy. Time measure- 
ments are based upon the interval between the individual ex- 
posures on the high-speed motion pictures. This interval is 
determined by the flash rate of the lamps. This rate is con- 
trolled by an oscillator whose frequency is known with great 
accuracy. Thus the flashes are spaced at very uniform known 
intervals. The time measurement is completely unaffected by 
the film speed in this system of measurements. Motion is deter- 
mined by measuring the position of the bubble on the individual 
pictures on the film. The light path from the camera to the 
bubble traverses air, lucite, and water, which produces some 
optical distortion. This distortion is comparatively small be- 
cause the outside surfaces of the lucite windows are planes. 
Therefore the cylindrical lens effect of the water-filled circular 
working section is largely eliminated. The amount of distortion 
which does exist is eliminated by applying correction factors that 
have been determined by photographing horizontal and vertical 
test scales mounted in the tunnel area in the position normally 
oceupied by the model. Thus the actual dimensions of the 
bubbles and the amount of their movement can be determined 
with a good degree of approximation. 

Fig. 6 is a suitable record for this purpose. It shows the life 
cycle of an isolated bubble which happens to be far enough 
removed from other similar bubbles to make it reasonable to 
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Fic. 6 Lire History or a CaviITATION BUBBLE 


assume that it is relatively unaffected by other elements of the 
cavitation. The diagram at the top of the figure shows the pres- 
sure distribution on the surface of the body. This distribution 
was measured on the model in the tunnel. The full line is for non~ 
cavitating conditions, and the dotted line is for the degree of cavi- 
tation shown in the photographs. For these measurements the 


“tunnel was operated at a cavitation parameter of K = 0.33. 


The tunnel velocity was 40 fps. This corresponds to a dynamic 
head of about 24.8 ft or 10.7 psi. The vapor pressure of the water 
at the temperature of the measurements was approximately 0.4 
psi. The absolute pressure in the undisturbed flow, correspond- 
ing to these conditions, is about 4 psi. (See also Fig. 8) 

If we examine the pressure-distribution diagram it will be 
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seen that at point A the pressure has decreased until it has 
reached the vapor pressure. At this point it would be expected 
that the cavitation bubble would first appear. 
the pressure starts to rise above the vapor pressure. It must 
not be forgotten that the pressure-distribution diagram gives 
only the pressures on the surface of the body. Therefore, neglect- 
ing transient pressure during collapse, these pressures show the 
maximum deviations from the pressure in the undisturbed flow. 
If pressure measurements were to be taken at one given tunnel 
cross section for points between the body and the tunnel, this 
deviation would become smaller and smaller as the distance from 
the body increased. At the tunnel wall the pressure can be 
assumed to be the true static pressure in the undisturbed flow, 
since the size of the model has been chosen small enough (ratio of 
sectional areas of model to tunnel is '/s9) to cause very little dis- 
turbance at the wall. 

The photographs show that the cavitation bubbles follow paths 
very nearly touching the body. Therefore the liquid pressure 
on the bubble will be nearly equal to the pressures shown on the 
diagram. Probably the pressure along the line of the bubble 
path will be slightly higher than the diagram, but for the present 
purposes the values on the diagram may be considered as a 
reasonable approximation of the lower limit of possible pressures. 

Bubble Formation. The measurements made from these ree- 
ords have been used as the basis of several different yraphical 
presentations. Fig. 7 shows the position of the bubble as a 
function of time, with the zero of position at the point of tangency 
of the ogive to the cylinder. Note that the three lines show the 
leading edge, the trailing edge, and the mid-point of the bubble. 
The slope of the line is proportional to the axial velocity of the 
bubble in the tunnel. It will be seen that this is not constant but 
varies with the position of the bubble along the body. The maxi- 
mum diameter of the bubble is about 0.3 in. This is relatively 
large for the size of the body involved. Nevertheless, the life of 
the bubble from the instant it is large enough to be detected until 
the completion of its first collapse is only about 0.003 sec. Forma- 
tion requires about three fourths of this time, leaving one fourth 


ia 
IDE Re 


V; 


TRANSACTIONS OF THE ASME 


At point B 


JULY, 1948 


for the collapse, An interesting point to observe in passing is 
that during the final stages of the first ‘collapse the leading edge 
of the bubble is moving radially inward so rapidly that it is 
actually moving upstream in the tunnel. Fig. 8 gives the 
measured radius and volume of the bubble, plotted on the :pres- 
sure-distribution diagram from Fig. 6. Fig. 9 shows the bubble 
radius and volume as functions of time. For this diagram the 
bubbles have been assumed to be spheres having a radius equal 
to the average of the horizontal and vertital dimensions measured 
in the photographs. 

In the analysis of these diagrams it is necessary to consider 
some of the physical factors which must influence the growth 
and collapse of the bubble. 

Any fluid particle may be considered as a free body moving in 
accordance with the forces acting upon it.. In such an analysis 
the inertia of the particle plays a very important role. If par- 
ticles of liquid on the bubble surface are studied, it may be as- 
sumed as a first approximation that they move symmetrically, 
ie., that the bubble remains spherical. Thus spheres are equal 
pressure surfaces, hence only radial forces and velocities are 
involved. 

A consideration of the shape of the body and the pressure- 
distribution diagram on its surface leads to the explanation of 
why the cavitation bubble forms. Imagine a particle of liquid 
in the flow impinging on the nose of the body and following along 
the surface. First it is forced radially outward and the pressure- 
distribution diagram shows the amount of force required to make 
it conform to this portion of the body shape. Outward accelera- 
tion continues for a short distance but decreases rapidly in mag- 
nitude as shown by the rapid fall in the pressure on the surface. 
At the point where the pressure on the body has fallen until it is 
equal to the.static pressure in the undisturbed flow, outward ac- 
celeration ceases, 1.e., the particle is moving out fast enough to 
keep out of the way of the body. Downstream from this point 
it is necessary to apply a force acting toward the body to keep 
the particle in contact with it, because now the surface is curving 
away from the path of the particle. Since the pressure in the 
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undisturbed flow is the upper limit of the available pressure, the 
pressure differences required to keep the flow in contact with the 
body must be produced by a reduction in pressure on the body 
surface. As the body curves more rapidly away from the flow, 
a greater and greater inwardly acting pressure difference is re- 
quired, ice., a lower and lower absolute pressure on the, body as 
shown on the pressure-distribution diagram. Note that this 
pressure difference is utilized to reduce the axially outward ve- 
locity that was set up during the flow around the forward part of 
the nose. The maximum pressure difference available is reached 
when the pressure on the surface falls to the vapor pressure of the 
hiquid. This occurs at point A on the pressure-distribution dia- 
gram, Fig. 8. However, the outward radial velocity of the 
liquid particle under consideration has not been reduced to zero; 
hence when it moves downstream from point A, there is no 
longer enough pressure difference acting to cause the curvature of 
its path to match that of the body. Therefore it separates from 
the body, which is just a way of saying that a cavitation bubble 
is formed. Putting it another way, a cavitation bubble appears 
when there is no longer a large enough pressure gradient acting 
toward the body to hold the flow against it. 

Attention is shifted now to the bubble itself. It will be seen 
that surface tension forces are acting, which from their physical 
nature always tend to decrease the size of the bubble. Hence as 
the bubble expands, work must be done against these forces if 
growth is to take place. 

The record shows that the bubble expands very rapidly. The 
question arises concerning the pressure and composition of the 
gas inside the bubble. In this discussion it has been assumed 
tacitly that the bubble is full of water vapor, and, at least at in- 
ception, the pressure is the vapor pressure at the temperature of the 
liquid. Several other possibilities must be considered. The 
bubble might contain air, which was previously dissolved in the 
water, since the present experiments were made with water 
saturated with air at atmospheric pressure. As the total time 
from formation to collapse is very small, it would be impossible for 
air molecules to migrate through the liquid any appreciable dis- 
tance. Therefore the only air which might come out of solution 
would be that dissolved in a thin layer of liquid adjoining the 
bubble surface. This amount is so small that the pressure in 
the bubble would of necessity be less than a millimeter of mercury 
during the most of its life. The pressure can be estimated roughly 
by dividing the volume of air at atmospheric pressure dissolved 
in the liquid layer AR, thick adjacent to the bubble, by the 
volume of the bubble itself. If it is assumed that air-saturated 
water at atmospheric pressure contains 2 per cent of air by vol- 
ume, the pressure in the bubble of radius R is 


AR 
Da = 0.06 se 


Since the individual air bubbles must be very small because of the 
low concentration of the dissolved air, it is difficult to imagine 
their migrating any appreciable distance through the liquid in the 
0.0022 sec available for growth to the maximum bubble diameter. 
If AR is estimated to be 0.001 in., the pressure becomes 


pa = 0.0004 atm = 0.3 mm Hg 


Another possibility is that the bubble might contain water 


vapor but at a pressure much lower than the equilibrium pressure 
corresponding to the average temperature of the flow (0.39 psi 
at 72 F). However, physical measurements obtained from pres- 
sure-distribution models show that when the cavitation voids 


touch the body and are large enough to cover some of the piezome- . 


ter openings, the pressure’in these voids is approximately equal 
to the vapor pressure of the liquid. If this is actually the case in 
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all cavitation bubbles, such as the one under consideration, then 
liquid must be evaporated during the growth period. If a por- 
tion of the surrounding liquid evaporates into the bubble, it must 
secure the necessary heat of vaporization to do so. The only 
available source of-heat is in the heat of the liquid layer immedi- 
ately surrounding the bubble. Because of the extremely short 
time available for heat transfer, the effective thickness of this 
layer must be very small. On the other hand, if the temperature 
of the surface layer of liquid falls very far, the pressure in the 
bubble must decrease appreciably, since it is difficult to imagine 
how the vapor pressure in an expanding bubble can be greater 
than that corresponding to the temperature of the surface layer 
of the liquid. 

The thermal considerations just outlined suggest the desira- 
bility of some rough calculations to determine whether enough 
vaporization is physically possible to maintain the pressure in 
the bubble near the vapor pressure of the liquid. Therefore 
computations have been made on the following assumptions: 

(a) The vapor pressure in the bubble is in equilibrium with 
the temperature of the surface layer of liquid. 

(b) The vapor to fill the bubble is produced by the evaporation 
of a uniform thin layer over the surface. 

(c) The necessary heat for this evaporation comes from the 
heat of the liquid of a shell of uniform thickness surrounding the 
bubble. 

The temperature of the inside surface of this shell is assumed to 
be the temperature corresponding to the vapor pressure in the 
bubble, and the temperature of the outside of the shell is the 
average tunnel temperature. The thickness of the shell which 
must be evaporated to fill the bubble with vapor is equal to the 
volume of the bubble divided by the product of the bubble sur- 
face and the ratio of the specific volumes of the yapor to the 
liquid. The ratio of the thickness of the outer shell which fur- 
nishes the heat to evaporate this liquid to the thickness of the 
evaporated layer is equal to the heat of vaporization divided by 
the average temperature drop of this outer shell. Thus 


a rR? 
AR, = — = ae 
4rR? — i 
Ta 
L 
or 
AR, = WSe 
> 33K. 
and 
ARy AR, A, 
R R 1/2(T, —*T;) 
where 
R = radius of bubble 
R, = thickness of evaporated shell 
Ry = thickness of shell furnishing heat 
V, = specific volume of vapor 
Vz = specific volume of liquid 


H, = heat of vaporization 

temperature of undisturbed liquid 

equilibrium temperature of liquid corresponding to 
pressure in bubble 


For the bubble shown in Fig. 6, 7, was 72 F. If the vapor in the 


bubble is assumed to be 10 F below this, ie., 62 F, - — 


70,000, H, = 1050. Therefore i 


se 100 1 
R ~~ 210,000°* 5 1000 
the’ bubble has grown to maximum size, Rs = 0.15 in., 


i 


AR, = 7X 107m. 
ARy = 14 X 10-* mm. 


These thicknesses are so small that the evaporative process ap- 
~ pears very plausible even in face of the short time of growth and 
much more plausible thau the evolution and migration of minute 
air bubbies through a layer of liquid 7 times as thick as the heat- 


iy _*ing shell. Furthermore the vapor pressure corresponding to 6Z 


_ Fis 0.019 atmosphere, which is 47 times greater than the 0.004 
_ atmosphere calculated for the air migration from the 0.001-in- 
_ thick shell. 

A further inspection of the pressure-distribution diagram yields 
some additional facts. As previously stated, point A should be 


| the point at which the bubble first appears. Point B should 


be the point of the maximum rate of bubble growth. Up to this 
point the outward radial velocity of the bubble surface should 
_ have increased. Here the acceleration should reverse, ie., the 
rate of growth should slow down. Note, however, that the 
growth should continue until the radial kimetic energy is ex- 
pended in working against the pressure difference. Thus, the 
point of maximum bubble diameter should be downstream from 
point B. At the point of the maximum bubble diameter, the 
liquid no longer has any kinetic energy with respect to the center 
of the bubble. However, the kinetic energy has been expended 
in a conservative manner, ie., it has done work against the pres 
sure difference and against the surface tension. The point of 
maximum diameter is not an equilibrium condition, the bubble 
starts to collapse"immediately. If in Fig. 8 the bubble size iz 
compared with the pressure-distribution diagram, it will be sen 
that at least qualitatively the foregoing deductions agree with 
the observations. 

Bubble Collapse. All of the factors investigated during bubble 
growth must be considered during the collapse period. In ex 
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amining this collapse, it might be well to state explicitly an ae 
sumption that is implicit in the previous discussion. The fiuid 
system is thought of not 24 4 purely mechanical one, tat aa % 
thermodynamic one as well. Two sources of energy have ten 
considered during the bubble growth, the mechanical nergy prea 
ent, as 4 result of the motion of the fiuid, and the thermal energy 
made available by 4 change in temperature of the liquid. Vt waa 
assumed that none of the mechanical energy waa translerreA from 
the liquid to the gas. During the wilapse period it may not be 
possible to avoid considering energy interchange beoween the 
liquid and the gas and vapor in the bubble. The wllagse period 
begins at the maximum diameter of the bubble. At thie point 
the vapor inay be assumed to he in thermal equilitriam with the 
immer surface of the liquid which is at 2 lower temperature than 
that of the surrounding liqnid. The progress of the ohlapse far- 
nishes the mechanism for compressing the vapor in the tubble, 
thus raising ite tetnperature above the surlace of the licuid and re- 
versing the temperature gradient, which provides 4 means lor 
carrying away the heat of condensation. 

It will be seen from Vig, 9 that the rate of ohlague ie wuider- 
ably higher than the growth; consequently the rate of comdensa- 
tion must be similarly increased. Furthermore, 2s-the bubtde 
gets smaller, the thickness of the shell of surrounding Viguid, 
whose temperature has been raised by the heat of omdensation, 
increases appreciably. Both factors require corresponding in- 
creases in the temperature difference between the vapor and the 
average temperature of the liquid. Ths & cosily syailable 
when the bubble has grown small became the neomsary nergy 
for compressing and raising the temperature of the vapor can be 
taken from the kinetic energy of the surrounding liquid. 

Fig. 10 is 2 plot of the radial vdocty of the bubble axtace 
during the ollapse period. It ix seen thas this vdocity inaresses 
very rapidly as the bubble becomes wnall. The accuracy fl the 
calealation is limited by the experimental messurements, The 
points show the consecutive frames of the photographic record. 
In the final collapse and initial rebound phases, the readings are 
too far apart even though they are separated by only */p,yp 2. 
Por this reason, an attemps is being made to increase the phuhn- 
graphic rates to 2% least DOO peor sec. 

In analyzing the mechaniem of ellapse cad rebound, this necs- 
sary t explain what happens to the kinetic energy of the liquid. 
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Since there is no apparent way of dissipating this energy, it must 
be assumed to be stored in some other form when the bubble is 
completely collapsed. The very fact that rebound occurs and 
the cavity reopens to nearly the same size as the original maxi- 
mum radius is strong evidence that the kinetic energy was stored 
and given back essentially undiminished. Several possible meth- 
ods of storing the energy suggest themselves. The most proba- 
ble energy storage is in the compression of the liquid itself. 
* Other possible ways are in the energy of compression of the non- 
condensable gas or the vapor in the bubble. However, as will 
be shown later, storage of a major part of the energy in- the gas 
-or vapor leads to impossible values of pressure and volume. The 
storage of the energy in the liquid is accomplished by the common 
““water-hammer” phenomenon. This method of energy storage 
permits the development of extremely high localized pressures. 
If particles of the liquid from. opposite sides of the bubble are 
assumed to hit each other and come to rest,-the resultant pressure 
may be estimated by the normal water-hammer calculations pro- 
vided that the velocity of the liquid (V), at the time of impact 
is known. ‘The resulting pressure is given by the simple water- 
hammer equation 


where 


= pressure, psi 
velocity of sound in liquid, fps 


v 
| 


° 
Il 


If values for ¢ and p for cold water are substituted in the equation, 
this becomes 


P = 65V 


It must be remembered that this water-hammer equation is 
derived on the basic concept that the kinetic energy of a given 
element of moving liquid is stored within that same element in 
elastic compression when the element is brought to rest. This 
concept explains the ‘rebound’ or re-formation of the bubble 
after collapse. Since there is no way to hold the liquid in a com- 
pressed condition after the inward radial velocity has been re- 
duced to zero, the stored elastic energy goes into producing out- 
ward radial velocity. Since there has been nothing to cause ap- 
preciable energy loss, the bubble should grow to its original size 
at the same rate it collapsed, provided that the surrounding 
pressure remained constant. This cycle of growth and collapse 
should continue indefinitely. Actually, losses through fluid 
friction or possibly heat conduction, damp this oscillation. The 
photographic records show clearly that many bubbles go through 
4 or 5 cycles before final decay. The pressure diagram shows 
that, except for the original formation period, the rest of the 
life of the bubble oceurs in a relatively constant pressure field. 

It is interesting to compare this measured history of an aetual 
bubble with the analysis presented by Rayleigh in his classical 
paper‘ of 1917. He considered the collapse of an empty spherical 
bubble in an incompressible fluid having a constant pressure at 
infinity. He equated the kinetic energy of the resulting motion 
of the fluid to the work done at infinity by the constant pressure 
acting through a change of volume equal to the change of bubble 
volume. He obtained expressions for the velocity of the bubble 
surface as a function of the radius, for the time of collapse, for the 
acceleration of a point on the surface, and for the pressure dis- 
tribution in the surrounding fluid. He also calculated the be- 
havior of the bubble if it were filled with a gas at an arbitrary 
pressure at the beginning of collapse, on the assumption of iso- 


4“On the Pressure Developed in a Liquid During the Collapse 
of a Spherical Cavity,” by Lord Rayleigh, Philosophical Magazine, 
vol. 34, 1917, pp. 94-98 (see Appendix). 
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thermal compression. This included an expression for the ratio 
of initial to final volume of the bubble if all of the kinetic energy 
of the incompressible fluid was stored in compressing the gas. 
Finally, he calculated the pressure produced if an empty bub- 
ble collapsed on an absolutely rigid sphere of arbitrary radius. 
Here he abandoned the assumption of an incompressible fluid, 
but only after contact with the rigid sphere. He found the re- 
sulting pressure to be given by the water-hammer equation. 

Fig. 11 shows a comparison of the Rayleigh prediction for the 
empty bubble with the measured radius versus time for the col- 
lapse of the bubble in Fig. 6. It is felt that the agreement is 
quite remarkable. In the calculation, the pressure acting is as- 
sumed to be the pressure at the tunnel wall minus the vapor 
pressure of the water. Rayleigh’s derivation permits of such a 
constant bubble pressure. The curve in Fig. 12 is Rayleigh’s 
calculated velocity of the surface as a function of the time 
measured from the beginning of collapse. The points shown are 
the slope of the measured curve in Fig. 11. The deviations of 
the measured from the predicted curves are in the right direction 
to agree with physical conditions. Rayleigh assumed no energy 
storage up to the instant of complete collapse, because up to that 
instant he assumed an incompressible fluid. Actually, there is 
some energy storage, especially in the last stages, in the liquid and 
also in the gas or vapor in the bubble. All of this energy storage 
reduces the work available for increasing the velocity; hence the 
collapse time must be longer. ‘ 

In a previous section of this paper it was estimated that the 
amount of air available would fill the bubble to a pressure of 
0.0004 atm at maximum diameter. If all of the kinetic energy 
of the liquid were to be stored in this air by isothermal com- 
pression, Rayleigh’s calculations indicate a required compression 
ratio of 4 X 1026, or a radius ratio of 7.3 X 10%. The initial 
radius of the actual bubble was 0.140 in. This means the com- 
pressed air bubble would be 2 X 10-” in. diam and would have 
a pressure of 1.6 X 10?%atm. Obviously, this is impossible since 
the energy could all be stored in the liquid at 4*much lower pres- 
sure. It seems most probable that the energy is stored in com- 
pression in all three fluids, i.e., liquid, vapor, and gas, and that the 
compression processes of the vapor and the gas lie between the 
adiabatic and the isothermal. 

Cavitation Damage.’ At the beginning of this discussion it 
was stated that the objective of this investigation is the study 
of the mechanism of cavitation and not of cavitation damage. 
However, there are a few tentative conclusions which can be 
formulated concerning certain phases of cavitation damage on 
the basis of the results obtained to date. It has been seen that 
the maximum collapse velocity of the cavitation bubble is con- 
trolled by (1) the maximum bubble size, and (2) the pressure 
difference existing between the surrounding fluid and the bubble. 
Factors which affect the maximum bubble size are the length 
of the zone in which bubble growth occurs, the average velocity 
of flow, and the velocity component normal to the guiding sur- 
face. The length of the zone is determined by the size and the 
shape of the guiding surface that is responsible for the cavita- 
tion. This alone would indicate that there should be a scale 
effect in cavitation damage. Consider, for example, two shapes 
geometrically similar but differing in size. If the velocity of flow 
past these two shapes is the same, the pressure and also the cavi- 


5 No bibliography of cavitation literature is included in this paper 
because many exhaustive lists have already been published. One 
of the most recent of these will be found in the paper by A. J. Stepa- 
noff, “‘Cavitation in Centrifugal Pumps,’’ Trans. ASME, vol. 67 
1945, p. 539. Another which refers particularly to cavitation dam- 
age, but includes much work on cavitation, is contained in the book 
ts a ee durch Kavitation”’ by Nowotny, published 

y V.D.I. Verlag, 1942, and reprinted by J. W. 
Arbor, Mich., 1946. 3 0 ee 
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tation parameter, K, at corresponding points will be identical. 
If one shape is twice as large as the other, the length of the forma- 
tion zone will be twice as long, which means that since the 
velocities are the same, the bubble should grow under the same 
pressure difference for twice as long a time; hence it should be 
larger. The two bubbles will collapse under identical pressure 


conditions; hence the fmal collapsing velocity will be higher for 
the larger bubble. Thus cavitation damage may be expected 
to increase in severity with increase in size. A similar line of 
reasoning leads to the conclusion that if the flow velocity is in- 
creased over a given surface while the flow pressure is adjusted to 
keep the cavitation parameter K constant, the collapsing ve- 
locity, and hence the cavitation damage, will increase. Both 
of these conclusions are contrary to the concept that the cavita- 
tion parameter alone determines the severity of cavitation dam- 
age. ; : 
These two cases deal with similar geometric shapes. As a third 
case, consider two different shapes which, however, have the same 
incipient cavitation parameter. If these are operated at the 
same velocity but at a lower cavitation’ parameter identical for 
both shapes, the cavitation damage may be quite different. If 
the velocity component of the flow normal to and away from the 
surface of one shape is lower than that of the other, the maximum 
bubble size for the shape having the lower normal velocity com- 
ponent should be smaller and the damage less. 


CoNCLUSION 


In conclusion, the authors wish to emphasize that the foregoing 
interpretation of the experimental measurements of the life his- 
tory of a cavitation bubble is only a tentative presentation of the 
simplest possible case, i.e., a bubble which forms and collapses 
without interference from other bubbles. An examination of the 
photographic record shows that this is a relatively rare occur- 
rence; more often clusters of bubbles form and collapse very close 
together. In many of the records it is obvious that the collapse 
of one bubble has a major effect on the collapse of its neighbor. 
Furthermore, as the severity of the cavitation is increased, the 
bubble concentration builds up very rapidly, so that rarely if ever 


’ can a single bubble be seen to form and collapse without inter- 


ference. An inspection of the records indicates that the presence 
of many bubbles offers complicating factors. Thus. the most 
this discussion can represent is the first short step in the correla- 
tion of this new supply of experimental facts with the analysis of 
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the physical mechanism of the cavitation phenomenon. It is 
regretted that time has not permitted the presentation of a more 
complete comparison of the laboratory results with the various 
analytical descriptions of the cavitation process which are to be 
found in the literature. Such comparison will be included in the 
next step in the development of the cavitation program of the 


laboratory. 
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Appendix 


In 1917 Lord Rayleigh presented his classical paper* on the 
pressure development in a liquid during the collapse of a spheri- 
cal cavity. Since this paper is not regularly accessible to the 
engineer, a brief summary of it will be presented here. 

Rayleigh quotes Besant’s formulation of the problem: “An 
infinite mass of homogeneous incompressible fluid acted upon by 
no forces is at rest, and a spherical portion of the fluid is suddenly 
annihilated; it is required to find the instantaneous alteration of 
pressure at any point of the mass, and the time in which the cavity 
will be filled up, the pressure at an infinite distance being sup- 
posed to remain constant.’’ Rayleigh first sets up an expression 
for the velocity u, at any distance r, which is greater than R, 
the radius of the cavity wall, that has a velocity U, at time t. It is 


ufU = RP... ccee. sl ee [1] 


Next, the expression for the kinetic energy of the entire body of 
fluid at time f, is developed by integrating the kinetic energy of a 
concentric fluid shell of thickness dr, and density p. The result is 


s 4p u? Anrtdr = QapU?R3..........0.. [2] 
a 


The work done on the entire body of fluid as the cavity is col- 
lapsing from the initial radius, Ro to R is a product of the pres- 
sure, P at infinity and the change in volume of the cavity, i.e. 


4nrP 
srr sata 


eal ed ite sR eile eto i 
Since the fluid is incompressible, all of the work done must ap- 
pear as kinetic energy. Therefore Equation [2] can be equated 
to Equation [3], which gives 


An expression for the time t, required for the cavity to collapse . 


from Ro to F can be obtained from Equation [4] by substituting 
for the velocity U, of the boundary, its equivalent dR/dt, and 
performing the necessary integration. This gives 


TRANSACTIONS OF THE ASME 


JULY, 1948 
\% == R/dR * ip sf BdB 
AGC AZS (RB hoe p (1 (1 — p32 
LSE ae eb tier eer [5] 


The new symbol £, is R/Ro. The time 7, of complete collapse is 
obtained if Equation [5] is evaluated for 8 = 0. For this special 
case the integration may be performed by means of I functions 
with the result that + becomes 


5 1 
=@)rG) 
2 = — 
= Ro 6P tele = 0.91468 Ro V5. aeeyeel fe] 
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Rayleigh does not integrate Equation [5] for any other value of 
B. In the detailed study of the time history of the collapse of a 
cavitation bubble, it is convenient to have a solution of all values 
between 0 and 1. Fig. 13 and Table 1 give the value of this in- 
tegral over this range. 


av 
wae 20 
3 3 
PEQCENTAGE OF TOTAL COLLAPSE TIME 


is 
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4S Function or Rapius Ratio 


TABLE 1 VALUES OF THE INTEGRAL OF EQUATION [5] 


1 B3/2d8 1 —_ BAdB 
. B is ONE 8 yi (1 — 8312 
0.000 0.74684 0.600 0.62915 
0.040 0.74671 0.640 0.60676 
0.080 0.74611 0.680 0.58133 
0.120 0.74484 0.720 0.55240 
0.160 0.74274 0.760 0.51935 
0.200 0.73967 0.800 0.48128 
0.240 0.73552 0.840 0.43684 
0.280 0.73016 0.860 0.41159 
0.320 0.72349 0.880 0.38380 
0.360 0.71539 0.900 0.35285 
0.400 0.70575 0.920 0.31782 
0.440 0.69443 0.940 0.27716 
0.480 0.68129 0.960 0.22785 
0.520 0.66616 0.980 0.16220 
0.560 0.64886 1.000 0.00000 


Equation [4] shows that as R decreases to 0, the velocity U in- 
creases to infinity. In order to avoid this, Rayleigh calculates 
what would happen if, instead of having zero or constant pressure 
within the cavity, the cavity is filled with a gas which is com- 
pressed isothermally. In such a case, the external work done on 
the system as given by Equation [3] is equated to the sam of 
the kinetic energy of the liquid given by Equation [2], and the 
work of compression of the gas, which is 4Q Ro? loge(Ro/R), where 
Q is the initial pressure of the gas. Thus Equation [4] is re- 


placed by 
Ro 2Q Ro? R 
U2 = =a] gece 200 
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For any real (i.e., positive) value of Q, the cavity will not collapse 
completely, but U will come to 0 for a finite value of R. If Q 
is greater than P, the first movement of the boundary is outward. 
The limiting size of the cavity can be obtained by setting U = 0 
in Equation [7], which gives 


(=) atone = 0 hn taeseenbiser: [8] 


in which z denotes the ratios of the volumes Ro*/R*. Equation 
{8] indicates that the radius oscillates between the initial value 
Ro and another which is determined by the ratio P/Q from this 


equation. Although Rayleigh presents this example only for - 


isothermal compression, it is obvious that any other thermo- 
dynamic process may be assumed for the case in the cavity and 
equations analogous to Equation [7] may be formulated. 7 

As another interesting aspect of the bubble collapse, Rayleigh 
calculates the pressure field in the liquid surrounding the bubble, 
reverting to the empty cavity of zero pressure. He sets up the 
radial acceleration as the total differential of the liquid velocity 
u, at radius r, with respect to time, equates this to the radial 
pressure gradient divided by the density, and integrates to get 
the pressure at any point in the liquid. Hence 


, ou bu 3 : 
Expression for SS and Oats functions of R and + are obtained 
r 


from Equations [1] and [4], the partial differentials of Equation 
[1], with respect to r and ¢, and the partial differential of Equa- 
tion [4], with respect to ¢. Substituting these expressions in 
Equation [9] yields ; 


ed ce 
P br aye | ae (z | Sicha [10] 


By integration this becomes 


tgp dik, R ” br ” or 
aye w= leon f Patel | 0 


which gives 


pee i tea, ee 
pi i= = (z — 4) apt (2S) is ee: [12] 


The pressure distribution in the liquid at the instant of release is 
obtained by substituting R = Ry in Equation [12], which gives 


The point of maximum pressure may be found by setting dp/dr 
equal to zero in Equation [10]. This gives a maximum value for 
p when. 

Tae 


R? z2—4 


If this value for r,, is substituted back into Equation [12], the 
maximum value of p is obtained 


p (ge —4)R 
cate ee oe 2S Si ae eee 
fare es Ar, Mz 4'/3(g — 


Tf this equation is inspected it will be seen that so long as z is less 
than 4, the second term of the equation is negative; hence pmax 
and therefore all other pressures in the liquid are less than P at 
infinity; but when z exceeds 4, then pmax becomes greater than 


spondence to Mr. Cook. 
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P. The radial location of pmax is given by Equation [14]. As 
the cavity approaches complete collapse, z becomes great and 
Equations [14] and [15] may be approximated by 


and 


Pm at z Ro? 
P 4/i gps 


Equation [16] shows that as the cavity becomes very small, the 
pressure in the liquid near the boundary becomes very great in 
spite of the fact that the pressure at the boundary is always zero. 
Although Rayleigh does not mention it, this would suggest the 
possibility that some energy can be stored in compressing the 
liquid which would add an additional term to Equation [7]. Of 
course this would mean that the assumption of incompressibility 
would have to be abandoned for the entire calculation. This, 
however, would not change the physical concepts involved. 
Rayleigh himself abandons the assumption of the incompressible 
fluid to consider what happens if the cavity collapses on an 
absolutely rigid sphere of radius R, as proposed by his corre- 
However, he abandons the supposition 
of incompressibility only at the instant that the cavity wall comes 
in contact with the rigid sphere. From that instant on he makes 
the assumption common to all water-hammer calculations that 
the kinetic energy of each particle of fluid is changed to elastic 
energy of deformation of the same particle as determined by the 
volume modulus of elasticity of the fluid. On this basis he ob- 


tained 
PIO I fey 
(2 
& 2 


where P’ is the instantaneous pressure on the surface of the rigid 
sphere and # is the volume modulus of elasticity. Both must be 
expressed in the same units. 


Ge TEAL 
ye i 


1)=2 i: Mee 
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Discussion 


J. ‘M. Rosertson* anp Donatp Ross.? This paper is an 
important contribution to the meager fund of knowledge of the 
mechanism of cavitation. The authors’ development of tech- 
niques of superhigh-speed photography has made available an 
extremely useful tool for the study of the life of a cavitation 
bubble. Fig. 3 of the paper illustrates the manner in which 
knowledge of cavitation phenomena has increased with camera 
speed. The analys’s of the growth and collapse of a single 
bubble, as presented in this paper, is in itself a major contribu- 
tion to the subject. As more bubbles are analyzed and higher 
camera speeds are attained, more and more of the mysteries of 
cavitation will be dispelled. 

By showing that the partial pressure of the air in the cavity is 
much smaller than the actual bubble pressure, the authors dem- 
onstrate that the gas in the bubble is primarily water vapor. 
This fact, which heretofore had only been surmised, should not 
be interpreted as indicating that air plays an insignificant role in 
the cavitation process. The cavitation studied by the authors 
was in water saturated with air at atmospheric pressure. In the 
case of the particular body studied, there was an appreciable 
distance preceding the cavitation region in which the pressure 
was below atmospheric and in which undissolved air bubbles 
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could expand and dissolved air could come out of solution. Thus 
at the start of the cavitation region a number of air bubbles should 
have been available to act as nuclei for the formation of vapor 
cavities. The manner in which the bubble grows at the start 
of the cavitation region, as depicted in Figs. 8 and 9, would indi- 
eate that at the start of this region it may have had a radius of 
several thousandths of an inch, 

The air content of the bubble plays an important role during 
the collapse period; since the air cannot be redissolved as rapidly 
as the water vapor, the bubble must collapse on an air nucleus. 
The minimum radius at the first collapse is thus primarily a 
function of the air content of the bubble. Osborne’ has shown 
that “the abruptness and violence of the shock, the total acoustic 
energy produced and its frequency distribution are all highly de- 
pendent on the size of the residual air bubble around which the 
cavity collapses.” The effectiveness of air in cushioning the 
cavitation shock is well known. It would be informative to 
know how the authors’ results would be changed, if deaerated 
instead of saturated water were employed. The lack of air 
would not prevent cavitation, but its inception would be re- 
tarded. Briggs, Johnson, and Mason’ have found that ‘‘when 
liquids are degassed, their natural cohesive pressure becomes 
effective and they will withstand a negative acoustic pressure.” 
When air nuclei are absent, cavitation rupture is a molecular 
process, and the time the fluid element is in the negative pressure 
region is a very important factor. In tests made with model 
propellers at the David Taylor Model Basin, and corroborated 
by one of the writers at the M.I.T. Propeller Tunnel, the critical 
pressure for the inception of cavitation was found to decrease 
with a reduction of air content. In an experiment in which the 
time in the negative pressure region was quite short, Numachi!? 
found the critical pressure to be greatly affected by gas content. 
The critical pressure was found to be approximately vapor pres- 
sure with air-saturated water, while it was minus an atmosphere 
(absolute) with partially deaerated distilled water. The differ- 
ences in the characteristics of the cavitation of the bodies, shown 
in Fig. 5 of the paper, can possibly be explained in terms of the 
time available for the formation of air nuclei before the fluid 
elements reach the cavitation region. This effect could be 
studied by cavitation measurements on several body shapes 
at different scales and with different air contents of the water. 


WILHELM SPANNHAKE.!"? This admirable paper adds much to 
our present knowledge of cavitation even though the authors se- 
lected for investigation, as they state, only the simplest mani- 
' festations of the very complex phenomena they observed through- 
out a wide range of geometrical conditions and stages of cavita- 
tion. Specifically, they selected for study a situation which 
showed individual bubbles successively produced and spaced 
far enough apart so that from time to time some could be found 
which throughout their life history were not seriously affected by 
interference from other bubbles. 

The possibility of maintaining a more or less stable stage of 


8“The Shock Produced by a Collapsing Cavity in Water,” by 
M. F. M. Osborne, Trans. ASME, vol. 69, 1947, pp. 253-266. 

9 “Properties of Liquids at High Sound Pressures,” by H. Briggs, 
J. B. Johnson, and W. P. Mason, Journal of the Acoustical Society of 
America, vol. 19, 1947, pp. 664-677. 

10 “Design, Operation, and Maintenance of a Meter for Recording 
the Air Content of Water in the David Taylor Model Basin Water 
Tunnels,” by A. Borden, David Taylor Model Basin Report 549, 
December, 1946. 

11‘*Translation and Commentary on F. Numachi’s Articles on 
‘The Effect of Air Content on the Appearance of Cavitation in Dis- 
tilled Salt, and Sea Water,’’’ Ordnance Research Laboratory Re- 
port, Serial No. NOrd 7958-27, August 1, 1946. 

12 Technische Hochschule Karlsruhe, Baden, American Zone. Con- 
tractee U.S. Navy. 
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cavitation depends apparently upon the shape of the boundary 
surfaces against which cavitation occurs, or rather on the pres- fi) 
sure distribution of the original flow pattern. This possibility — 

will be seen from Fig. 5(a, b, and c) of the paper. 


It is extremely interesting to notice that the same stage as ) 


in Fig. 5(c), showing distinctly separated bubbles, has been ob- 


tained recently at the David Taylor Model Basin in a small — q 


Venturi tube with circular cross section and a very slight longi- 
tudinal curvature in the throat, together with a small angle of ° 
divergence in the expanding passage. To a certain degree this ° 
case corresponds hydrodynamically to Fig. 5(c). 

On the other hand, the authors mention that in other cases 
many complex groups of bubbles are formed in which the indi- 
vidual bubbles interact in either the formation or the collapse 
stages, as seems to be shown in Fig. 5(a), where the curvature of , 
the nose of the body is sharper and consequently there are 
greater pressure differences along the surface. 

Here there should be recalled the results obtained in 1933 and 
1934 at the cavitation test stand of the Massachusetts Institute 
of Technology.13 

These tests were made with a Venturi tube of rectangular cross 
section, and with both the longitudinal curvature in the throat 
and the angle of divergence in the expanding passage greater than 
in the circular tube mentioned as used at the Model Basin. Thus 
from the geometrical point of view and to a certain extent from 
the hydrodynamical point of view, this arrangement corresponds 
to the case of Fig. 5(a). During the tests at M.I.T., pictures 
were taken with a frequency of 3000 exposures per sec. No 
individual bubbles could be seen, but large cavitation volumes ap- 
peared separated from one another by compact volumes of water 
having rather definite outlines. The cavitation volumes and 
the intervening volumes of water were formed with a definite 
periodicity, and the cavitation volume collapsed as a whole 
when compressed between the alternate masses of water. Water 
completely filled the expanding passage after the collapse of the 
cavitation volume and was continuous with the water in the re- 
gion of restored higher pressure. The writer believes that if the 
pictures had been taken with sufficiently higher frequency it is 
possible that individual bubbles and groups of bubbles would have 
been seen also in this case, and that the bubble groups would in 
turn be interacting and forming the large cavitation volumes. 

The frequency of formation f, and collapse of the cavitation 
volumes turned out to be in direct proportion to the velocity v, in 
the Venturi throat and inversely in proportion to the distance 
l, over which the complete cavitation phenomenon extended. 
The dimensionless expression 


—} =¢ 

v 
was the same for geometrically similar arrangements and for 
hydrodynamically similar stages of cavitation. 

Considering the different cases described, the writer believes 
that cavitation is always periodical, and that the periodicity is 
always determined merely by the hydrodynamical boundary con- 
ditions of the original flow pattern. The formation of bubbles 
changes the boundary conditions and makes the flow unsteady. 
It likewise changes the pattern in such a way that there is a rise 
in pressure at the point where cavitation has started, and in this 
way the formation and further development of the cavity is 
stopped until the orig nal conditions are restored and the cycle 
begins again. 

It is the writer’s understanding that Dr. Knapp and his asso- 


13 “Progress Report on M.I.T. Cavitation Research,” byadk Cs 
Hunsaker, Transactions of the 4th International Congress of Ap- 
plied Mechanics, Cambridge, England, June, 1934. ’ 
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ciates have under way a systematic investigation of the different 


stages of cavitation to clear up details of this most interesting — 


hydrodynamic problem. 

As to the rebound of the bubbles which has been observed for 
the first time in these California tests, the writer is not sure that 
this would have occurred had the air content in the water been 
distinctly smaller. This phenomenon reminds one in a way of 
the periodical expansion and compression of large gas bubbles 
formed by underwater explosions. 

With respect to the damage done by cavitation, the writer 
believes that this problem cannot be regarded without consider- 
ing the fact that even the smoothest surface of any material is not 
without slight crevices. These flaws present the weak points 
under the impact of water following the collapse of the bubbles. 
There is not only the force of the blow striking into the crevices 
but in addition the concentration of stresses at the sharp corners, 
and so on. On the other hand, it will be of the greatest impor- 
tance to find out whether the individual bubbles or the large 

. cavitation volumes do the more severe damage to the boundary 
walls, 

It seems fitting at this time to recall the memory and do honor 
to the name of the late Dr. Foettinger who was one of the first to 
envisage the nature of cavitation damage. 

Dr. Knapp and his staff are to be congratulated for the out- 
standing work reported in this paper. All concerned with cavi- 
tation will look forward to further results with the greatest 
interest. 


A. J. Stepanorr.'4 Although considerable progress has been 
made in the last two decades in understanding cavitation in hy- 
draulic machinery, the price to avoid or alleviate cavitation is 
‘still high. Part of this cost is due to the factor of ignorance. 
Any further progress in cavitation study without a knowledge of 
the mechanism of cavitation is well-nigh impossible. 

Although the authors’ study was confined to the life history of 
a bubble, its results are important from the practical point of 
view. It gives size and time scale of proceedings, which permits 
estimation of the thermodynamic process during the birth and 
collapse of the bubble. This in turn may lead to an estimation of 
how any liquid other than water will behave under cavitation 
conditions. The bubble reappearance as a result of an elastic 
water impact, never suspected before, may serve as an explana- 
tion of the appearance of cavitation pitting in places not expected. 

Lack of exact cavitation knowledge has resulted in a variety 
of opinions as to the importance of several factors on conditions 
leading to cavitation in pumps and turbines. Thus some pump 
engineers evaluate their cavitation data in terms of absolute 
velocity through the impeller eye, others use relative velocity, 
and some use the peripheral velocity. Still another group uses 
the square root of the product of the radial and peripheral ve- 
locities. Similarly, the effect of the impeller entrance angle’ on 
cavitation is frequently misunderstood. 

In describing the process of appearance and collapse of the 
bubble, the authors emphasize the hydrodynamic conditions 
leading to the formation of a cavity. The writer can imagine 
formation and disappearance of vapor bubbles by thermodynamic 
means only without pressure or velocity gradients in the surround- 
ing liquid. If the ambient temperature is brought locally to the 
corresponding boiling pressure, vapor bubbles will appear. This 
is a regular boiling process in which no external mechanical forces 
are required to form a bubble, heat doing the work of volume 
expansion. During the collapsing period, temperature-pressure 
equilibrium is destroyed, vapor is condensed, and the liquid rushes 
into an empty space. The same is true also during the rebound- 


14 Development Engineer, Ingersoll-Rand Company, Phillips- 
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ing process although the elastic forces of the liquid play a more 
conspicuous role. Perhaps the difference is just a matter of 
point of view. The writer prefers to think in terms of thermo- 
dynamics of the process first because he believes that heat 
exchange limits the extent of cavitation. When dealing with 
liquids other than water, the main difference will appear in ther- 
modynamic properties of the liquid and not in hydrodynamic 
forces. 

The effect of degree of streamlining of the body nose on cavita- 
tion, as it appears in Fig. 5 of the paper, is interesting. This is 
contrary to a general belief that a blunt leading edge of impeller 
vanes is just as good as the hatchet-shaped one. Such a miscon- 
ception originated from airfoil tests on air. 

Under conditions of the authors’ tests, it is reasonable to as- 
sume that all the kinetic energy of the bubble collapse is stored in 
the surrounding liquid and reappears as kinetic energy again dur- 
ing rebirth of the bubble. In hydraulic machinery, the mini- 
mum pressure appears at the boundary of the body, and, during 
collapse, a major portion of the energy may be absorbed by the 
body, resulting in noise and vibration. Large masses, sometimes 
including the supporting structure, may take part in dissipation of 
this energy. Thus rebounding of the bubbles may appear greatly 
subdued. In connection with hydraulic machinery, opinions 
have been expressed that, if cavitation bubbles appear and col- 
lapse in a body of water'and do not contact the metal, there is no 
damage to the parts of the machine.15 

The writer believes that the possibility of air in the vapor cavity 
is not to be excluded. This can happen not by air bubbles break- 
ing-through into the vapor space, for this they will have no 
energy, but by the liquid vaporizing into the air-bubble space 
when this reaches the low-pressure zone. Air liberation from 
water is quite common in hydraulic machinery when pressure 
drops below that of the atmosphere. ; 

The difference-in bubble grouping in the authors’ tésts due to 
a difference in elevation of 2 in. suggests that this difference 
alone (in the case of hydraulic machinery) may put a rotor out 
of balance and cause vibration. It is very unlikely that the force 
of buoyancy of the bubbles could have been responsible to any 
appreciable degree for the bubbles shifting upward due to lack 
of time. 

In their conclusions regarding the effect of scale on cavitation 
in hydraulic machines of different sizes, the authors disregard 
the effect of Reynolds number. In larger machines, all turns 
will have larger radii of curvature and can be negotiated by the 
liquid with less velocity distortion than in a small machine. 
With the same linear velocities of flow, centrifugal forces, caus- 
ing velocity shifting, are inversely proportional to the radius of 
curvature. Opinions have been expressed by several authorities 
on water turbines that, under the same head and submergence, 
the effects of cavitation are less harmful in the prototype than in 
the model.1¢ 

There is a great deal of confusion and misconception about the 
flow pattern in a turn or elbow. , A study of cavitation under 
such conditions with the aid of high-speed photography would 
make an excellent topic for investigation. Most of the channels 
in hydraulic machinery where cavitation occurs are curved. 
There are no clear ideas as to what actually takes place under 
such conditions. What portion of the total flow is actually 
vaporized is of interest. Also, whether compound liquids, like 
petroleum oils, would behave similarly to water under cavitation 
conditions. 

Research of this nature is beyond the testing facilities of the 
industry, and the authors and sponsors of this project deserve 


16 ‘Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, 
John Wiley and Sons, New York, N. Y., 1948, p. 248. 
16 Thid., p. 265. 


434 


credit for their undertaking and manner in which it was con- 
ducted. It is hoped that the authors will take full advantage of 
their equipment and recent progress in high-speed photography 
(5,000,000 pictures per sec) as recently reported.” 


AuTHORS’ CLOSURE 


Before considering the specific points raised by the individual 
discussers, the authors wish to point out that as more and more 
information becomes available on the characteristics of cavitation, 
it is becoming more and more apparent that it is no longer possible 
to talk about cavitation as a single phenomenon; instead there 
are certainly a number of different types of cavitation which 
vary quite significantly in their characteristics. The existence 
of these various types of cavitation probably accounts for many 
of the discrepancies which occur in our empirical knowledge of 
the phenomenon, which in turn have inspired widely different 


interpretations of the basic mechanism. As was pointed out in. 


the introduction, the paper presented only the first experimental 
observations of a single bubble, which was selected as the simplest 
possible case of one particular type of cavitation. In this type, 
the cavity forms and collapses while moving downstream with the 
local velocity of the rapidly moving fluid. It is probable that 
many of the points brought out by the discussion apply with 
much more force to other types of cavitation, but since the 
authors have experimental knowledge cohcerning this case and 
not the others, their comments will be limited to the type pre- 
sented. i 

Messrs. Robertson and Ross bring out clearly in their inter- 
esting discussion the empirical fact that air is known to have a 
definite effect on the collapse of certain types of cavitation. 
They then suggest that it is very probable that the cavitation 
bubbles discussed by the authors had for a nucleus an air bubble 
of appreciable size and that this air did effectively cushion the 
collapse of the bubble. They suggest specifically that at the 
beginning of cavitation when vaporization first starts the air- 
bubble nuclei have a radius of several thousandths of an inch. 
The authors feel that air bubbles of this size could-not be present 
without having been observed because the lighting used is very 
intense and a bubble of this diameter would be highly reflecting, 
as is evidenced by the small cavitation bubbles further down- 
stream which are so easily seen both visually and on the photo- 
graphs. However, it is interesting to investigate the order of 
magnitude of the effect which might have been produced if such 
an air nucleus had served as a starting point for the bubble whose 
life history was presented. Assume that the bubble radius was 
.005 of an inch, which is the upper imaginable size that could 
have escaped detection in the tunnel. Assume also that the 
pressure within the bubble was in equilibrium with the local 
pressure in the flowing stream. Thus at the beginning of the 
cavitation zone the air will have a pressure of about 1/3 psia. 
Assume for convenience that this is one psi. This air will remain 
in the bubble during expansion and collapse; thus when the bub- 
ble has collapsed to the radius of .005 in., the air will be again in 
the same state, assuming that during expansion and collapse 
to this point the process has been reversible. Up to this point 
all work terms on the air are negligible. The work required to 
compress this bubble further may be calculated easily. Rayleigh 
assumed an isothermal process. The authors have indicated a 
possible pressure due to water hammer of approximately 50,000 
psi, assuming an empty bubble. The isothermal work of com- 
pressing the air to the same pressure is given by the equation 


V 
W = pPiVi loge a 


17 ‘High-Speed Camera,” Mechanical Engineering, vol. 69, De- 
cember, 1947, pp. 1045-1046. 
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in which p; = 1 psi 


The solution gives 


W-= 5 XX 10~-® inch-pounds 


Now the kinetic energy of the water which must be stored at 
collapse in compressing the air and the water is given by the 
simple product of the volume of the bubble at its maximum diame- 
ter multiplied by the pressure of the liquid in the collapse 
zone. By measurement the pressure is about 10 psia, the diame- 
ter is .30 in. Thus the kinetic energy to be stored is .135 in- 
lb. Therefore, it must be concluded that the effect of this 
amount of air on the collapse pressure is negligible since the best 
it could do would be to reduce the water-hammer pressure by less 
than .004 per cent. Ifthe compression were assumed to be adia- 
batic rather than isothermal, the energy stored could be increased 
by a factor of, say, about 400, but this would still be negligible 
and on the other hand would produce tremendously high tem- 
peratures which would be brilliantly luminous, an effect com- 
pletely contrary to the observations. It might also be noted 
that the amount of air in this bubble nucleus is quite small as 
compared to the amount that the authors calculated might be 
possible within the bubble due to coming out of solution in the 
shell immediately adjacent to the bubble. Thus assuming again 
isothermal expansion from the nucleus to the maximum diameter 
of the bubble, the partial pressure of the air at maximum diame- 
ter would be 2.6 * 10~* atmospheres as compared to the 4 
X 10-4 calculated in the original paper. Even the latter amount 
has of course a negligible effect upon the collapse pressure. 
Messrs. Robertson and Ross state that “it would be informative 
to know how the authors’ results would be changed if deaerated 
instead of saturated water were employed.” The authors are 
in hearty agreement with this desire and wish to call attention to 
the fact that as will be found in the description of the new in- 
stallation of the water tunnel in the companion paper? provision 
has been made for the control of air content so that just this 
sort of study can and will be made. However, it is the present 
impression of the authors that one of the most important factors 
is the number of air nuclei present rather than the amount of air 
truly dissolved in the water. By air nuclei are meant minute 
undissolved bubbles which are probably associated with particles 
of solid matter found in the water. The number of nuclei may 
or may not be directly proportional to the amount of total air 
per unit volume of water. It would appear, at least in the type 
of cavitation under discussion, that the presence of an air nucleus 
is necessary to permit the cavitation bubble to start to form, but 
that after formation has commenced, the role of the air is insignifi- 
cant. 

The authors are indebted to Dr. Spannhake for a very interest- 
ing review of some of the significant features of his classical cavita- 
tion experiments. They deplore with him that the profession 
can no longer have the benefit of the discussion of Dr. Foettinger, 
the “old master” in the field. It is indeed interesting that a 
definite frequency was observed by Dr. Spannhake in fully- 
developed cavitation in special Venturi throats. However, it 
would seem to the authors that this is due at least partially to 
the interaction between the cavitation and the flow itself, since 
the development of the cavitation voids effectively changes the 
cross section of the conduit. On the other hand, as Prof. Hun- 
saker pointed out in his report!’ on this same research, “The 
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te 
relation can only be determined when cavitation is well de- 


veloped and L is of substantial magnitude.”” On the other hand, 
as he states further in the same paper, “When cavitation is not 
well developed and L is but one or two throat diameters, the 
frequency observed is highly irregular...... 2 

An examination of the records of the authors shows little 
evidence of a predominant frequency; in fact, the evidence is 
quite to the contrary. Not only does’ the period between the 
appearance of individual bubbles seem to be variable, but the life 
cycle of each bubble consists not of one formation and collapse 
but a series of them, each of which requires a different length 
of time. All of this indicates a wide band of frequencies. It 
should be pointed out that in the authors’ experiments the cross 
section of the cavitation zone is small as compared with that of 
the tunnel. Thus, little or no interaction between the cavitation 
and the over-all flow is to be anticipated. Hence there seems 
to be little reason to expect correspondence between these experi- 
ments and those of M.I.T. Dr. Spannhake expresses some doubt 
as to whether or not the repound of the bubbles observed by the 
authors is due to the air content of the water, and suggests 
the possibility that had the air content been distinctly smaller, 
the rebound might not have occurred. It is the belief of the 
authors that the rebound is a necessary concomitant of the energy 
storage at collapse and that it would continue to occur under all 
conditions in which it was possible to get the original cavitation 
bubble to form. To expand this statement further, it might be 
conceived that a liquid, containing no foreign nuclei or no un- 
dissolved or dissolved gas of any kind, might reach a state in 
which it would support a considerable tension. If this were the 
case, the formation of any cavitation bubbles could be inhibited 
at much higher velocity than under normal conditions. How- 
ever, the forces causing the first void are of much smaller intensity 
than those available in the rebound of the highly compressed 
liquid following.the collapse. Thus if the cavitation void can 
appear at all, there is good reason to believe that rebound will 
occur. 

With reference to Dr. Spannhake’s comments on cavitation 
damage, the authors wish again to emphasize that their remarks 
on cavitation damage were in no respect a discussion of the 
mechanism of the damage itself, but merely some tentative pre- 
dictions as to the relative behavior of cavitation in producing 
damage as hydrodynamic conditions are varied. The basic idea 
underlying the authors’ comments was to raise the question of 
the validity of the general concept of the similarity law with 
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regard to cavitation damage, in which o is usually considered as 
the only parameter of the hydrodynamic picture. 

In reference to Dr. Stepanoff’s discussion, the studies in the 
water tunnel demonstrated beyond any question that two of 
the most important variables in the production of cavitation arethe 
shape of the body (guiding surface), and its alignment with re- 
spect to the flow. Without the knowledge and exact control of 
these variables it is impossible to classify cavitation in any signi- 
ficant and systematic form. Since this information is lacking 
in practically all cavitation tests of hydraulic machinery, the 
authors are forced to believe that the analyses of cavitation data 
based on any of various velocity parameters mentioned by Dr. 
Stepanoff as being in current use by the industry can only result 
at best in the determination of rules for the average design, which 
miss the optimum, usually by a large margin. 

The authors agree that cavitation and boiling are closely re- 
lated; however, they would hesitate to carry the relationship as 
far as Dr. Stepanoff suggests. As previously pointed out, unless 
the liquid can support very substantial tension, cavitation will 
occur with or without the benefit of heat transfer or vaporization. 
Fluid vaporizes into the cavity because the cavity is there; the 
vapor does not force the fluid away to forma cavity. The cavita- 
tion cavity is to the cavitation phenomenon as the*hole is to the 
doughnut: It gives it its characteristic form, but not its sub- 
stance. 

The authors do not understand the comments regarding the’ 
effect of scale on cavitation in hydraulic machines of different 
sizes. If two similar passages of different size contain fluid 
flowing at the same absolute velocity, the pressure distribution 
and the flow lines will be identical if the units of length correspond 
to the scale of the two passages. This is one of the fundamental 
principles of similarity. The conditions initiating cavitation will 
be exactly the same for both channels. 

Dr. Stepanoff calls attention to the lack of knowledge concern- 
ing the flow in curve channels even in such simple cases as sta- 
tionary bends or elbows. This problem is treated in a most inter- 
esting manner in the first chapter of his new book, which includes 
a well-selected set of references. The authors agree that a study 
of this type of flow under cavitating conditions would be very 
valuable and are reasonably sure that the high-speed photo- 
graphic technique could be adapted to this purpose. 

Tn conclusion the authors wish to thank again the helpful dis- 
cussers and to express their appreciation to many others in the 
field who came to them with oral and written comments and valu- 
able suggestions. 
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This paper presents a description of the Hydrodynamics 
Laboratory and its principal pieces of equipment that have 
been developed during the last five years. The field of 
investigations to be undertaken by the Laboratory is pre- 
sénted in general terms. ’ 


Hydraulic. Machinery Laboratory of the California Institute 

of Technology.® In the fall of 1941 the Institute was re- 
quested to undertake the development and construction of a 
water tunnel for use in measuring the’ hydrodynamic forces on 
projectiles and other underwater bodies. This development was 
undertaken and the tunnel was put into operation early in the 
spring of 1942. Such rapid progress was made possible by the 
use of a large proportion of the apparatus and instruments al- 
ready available in the existing Hydraulic Machinery Laboratory. 
_ The tunnel has been in continuous operation ever since its 
completion. In the winter of 1943 it became evident that the 
equipment and the office and staff facilities were not sufficient 
for the problems at hand. 

Therefore the design and construction of a new building and 
two additional pieces of major equipment were authorized. 
Construction of the building was commenced in July, 1944, and 
it was occupied in the spring of 1945. Design of the two major 
pieces of equipment, the controlled-atmosphere launching tank 
and the free-surface water tunnel was started simultaneously 
with that of the building. 

During the war period the laboratory was operated under 
contract with the Office of Scientific Research and Development 
for Settion 6.1 of the National Defense Research Committee. 
At the close of the emergency period, the sponsorship of the 
laboratory was taken over from the OSRD by the Research and 
Development Division of the Bureau of Ordnance of the U. S. 
Navy. This sponsorship has been continued and the Fluid 
Mechanics Branch of the Office of Naval Research has joined 
with it in the support of the more basic aspects of the current 
program. In addition to the program carried out under this 
sponsorship, the Laboratory and its equipment is also utilized 
for graduate instruction and research within the limitations of 

-its capacity. 

Field of Investigations. The primary objective of the Labora- 
tory is to study the characteristics of bodies moving in a fluid. 
The major emphasis has been placed upon the motion of bodies 
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in a liquid and in the motion from a gas to a liquid or vice versa. 
Some of the problems that*have been and are being investigated 
within this field are as follows: 

(a) The force systems acting on a moving submerged body, 
both in the steady and transient states. This includes the 
investigation of damping forces. 

(6) The mechanism of cavitation from conditions of incipient 
cavitation to the fully developed state in which the cavitation 
bubble may envelop the entire body. 

(c) The effect of shape on the production of cavitation and 
the development of cavitation-resistant shapes. 

(d) The forces acting upon bodies passing through the 
interface between the gas and the liquid. 

(e) Nonsymmetrical forces acting upon submerged bodies 
traveling close to the free surface. : 

‘Many of these studies have the possibility of wide nonmilitary 
application. For example, the results of the cavitation studies 
are applicable to ship hulls, propellers, hydraulic turbines, 
pumps, and flow in closed conduits. ; 

This list in no sense exhausts the scope of the investigations 
which may be carried on in the laboratory. The equipment is 
rather unconventional in function and design and can be adapted 
to the study of many basic problems of interest to the engi- 
neering profession. 

Building. At the close of the emergency period, plans were 
initiated to move the water tunnel out of the Hydraulic Machin- 
ery Laboratory and into the space provided for it in the new 
laboratory building. This move has now been completed, thus 
restoring the Hydraulic Machinery Laboratory to its original 
capacity for research in its field. The Hydraulic Machinery 
Laboratory is housed in the west end of the Guggenheim Aero- 
nautics Laboratory, The Hydrodynamics Laboratory forms a 
south wing directly adjoining it. The new building consists of 
a sub-basement, basement, and first floor, with direct connection 
to the corresponding levels in the Hydraulic Machinery Labo- 
ratory. Fig. 1 shows the building with the Guggenheim Aero- 
nautics Laboratory in the background. Fig. 2 is a plan of the 
basement level which shows the distribution of the experimental 
facilities. The three major pieces of equipment extend to the 
sub-basement level where, in addition, a well-equipped model and 
instrument shop is located. The ground floor is used for offices 
and design. The total available floor space is about 15,000 sq ft. 

Laboratory Equipment and Field of Use. At present the Labo- 
ratory contains five pieces of research equipment. The three 
major ones are the high-speed water tunnel, the free-surface 
water tunnel, and the controlled-atmosphere launching tank. 
In addition, there is in operation a polarized-light flume and a 
ripple tank. The high-speed water tunnel is very much like a_ 
small wind tunnel except that water is used for the circulating 
fluid. It is equipped to study the hydrodynamic forces acting 
on bodies moving in a fluid, or on construction elements of moy- 
ing bodies and hydraulic machines; for example, control sur- 
faces, guide vanes, propeller blades, etc. The high velocity 
obtainable in the tunnel (upward to 100 fps), together with the 
fact that the pressure is controllable independent of the velocity, 
and that the amount of dissolved air can be controlled, make it 
particularly suitable for fundamental studies in cavitation. 
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The free-surface water tunnel is similar in many respects to 
the high-speed water tunnel. It operates at considerably lower 
velocity but has a much larger working section. Its distinguish- 
ing feature is indicated by its name, that is, the upper boundary 
of the stream in the working section is an air-water interface. 
The air pressure is controllable, thus making this apparatus 
particularly useful for model studies of bodies operating sub- 
merged, but very close to the surface. A rather elaborate air- 
separation system incorporated in the circuit makes it feasible 
to carry on studies involving the injection of large amounts of 
gas into the working section. ; 

The controlled-atmosphere launching tank is a large, closed 


pressure vessel designed primarily for the study of the hydro- 
dynamic problems involved in the transition period when a free- 
flying body, initially traveling through air, strikes the surface 
of a body of water and enters it. The design specifications were 
all based upon this objective, but the equipment, as built, may 
be employed in the investigation of other types of problems 
which require similar facilities. One of these. auxiliary uses is 
the study of underwater explosions, including the effect of the 
interface on explosions occurring near the surface. 

The polarized-light flume is a small low-velocity closed-circuit 
water channel having a rectangular glass-walled working section. 
It employs a dilute suspension of bentonite as a working fluid. 
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This material has the property of streaming double refrac- 
tion. This makes it possible to study the flow pattern around 
any body placed in the working section, since, when the section 
is illuminated with polarized light, the shear pattern and, by 
inference, the flow pattern in the fluid becomes visible to the 
eye. Fig. 3 is a view of the-flume, and Fig. 4 shows flow at low 
velocity around a typical body in the working section. 

The ripple tank is a small shallow glass-bottom tank for the 
study of wave problems. This has proved useful not only in 
the investigation of surface-wave patterns on enclosed bodies of 
water, but also, through the good analogy between shallow-water 
surface waves and pressure waves in compressible fluids, for the 
investigation of shock waves and other supersonic phenomena 
in gases. Fig. 5 is a schematic sketch of the ripple tank, and Fig. 
6 is a typical record of a Mach-type wave intersection. 

The following sections will discuss in more detail the operating 
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characteristics and construction of the three. major pieces of 
equipment. 


. Hicu-SreeD WatTER TUNNEL 


Specifications. The high-speed water tunnel was designed 
and constructed to permit the determination of the hydrodynamic 
forces on moving bodies. The design of the apparatus is based 
on the principle that the forces and flow pattern are determined 
by the relative flow and are the same whether the fluid is station- 
ary and the object is moving, or vice versa. Therefore, as in wind 
tunnels, the flow pattern peculiar to the prototype moving 
through a stationary fluid is simulated by the flow pattern about 
a stationary model immersed in a moving fluid. The essential 
components of the tunnel are as follows: 


(a) A working section in which the model may be mounted 
and observed. 

(b) A circulating system, consisting basically of a pump and 
piping, by which the flow of water may be maintained through 
the working section. 

(c) An absorption system, which resorbs any entrained air 
bubbles. 

(d) An air-content control system which maintains at a con- 
stant value any desired amount of dissolved air in the flowing 
water. 

(e) A control system by which the pressure, velocity, and tem- 
perature in the working section can be regulated and kept con- 
stant at any desired set of values. 

(f) A balance by means of which the model may be put in 
different positions and the hydrodynamic forces acting upon it 
may be measured. 


The tunnel design is determined by the size and operating 
characteristics of the working section. For this tunnel a 14- 
in-diam working section was chosen with a usable length of 
6 ft. The design specifications also call for operation at any 
desired velocity up to 100 fps, and any pressure from 100 psi 
to vapor pressure. 

A closed type of working section was selected because such a 
design reduces the energy loss, gives stable flow, results in a 
definite and calculable boundary correction to the measurements, 
and makes it possible to control pressure, velocity, and air con- 
tent easily. — 

The tunnel has a carefully designed 340-ft path of travel for 
the water. Such a design avoids external disturbances, obtains 
a uniform flow in the working section, and permits a minimum 
power consumption. The effectiveness ratio, that is, the energy 
of the water in the working section compared with power input, 
is about 43/, to 1. 

The tunnel was designed to give as high a velocity in the 
working section as possible, considering the power available. 
High velocity is desirable in order to obtain a Reynolds number 
for the model which will approach that of the prototype. It 
also permits cavitation studies at speeds comparable to those 
associated with the prototype and in a velocity range where 
dissolved air is less likely to come out of solution. 

The ability to control the amount of air in solution is of great 
help in the study of flow phenomena, particularly that of cavita- 
tion. In the high-speed water tunnel, a given air content can 
be kept constant because the water is not allowed to come in 
contact with the atmosphere. Air bubbles released as a result 
of cavitation can be a serious hindrance because the entrained 
air running through the complete tunnel circuit will change the 
cavitation conditions, the velocity, and will obscure the model 
in the working section in a very short time. For this reason, 
the tunnel has a “resorption” system which resorbs any air 
released before it has made a complete cycle. 
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The closed system makes possible a simple pressure control. 
This pressure control which is independent of the velocity in the 
working section is necessary in the general study of cavitation, 
not only to simulate submergence of the prototype, but also to 
determine the cavitation parameter under all conditions. 

Inasmuch as the energy from the 350-hp main circulating pump 
is dissipated in the tunnel as heat and thereby would cause an 
undesirable temperature rise, a refrigeration-and-temperature 
control system has been made a part of the tunnel system. 
Refrigeration was chosen instead of a cooling tower because of 
the necessity for controlling the air content. 

The choice of the type of balance is one of the most difficult 
problems in connection with the tunnel. The forces on the body 
under study must be measured, but any connection to the body to 
provide means of measuring these forces changes the forces 
themselves and thus a correction must be made. An analysis 
of the measurements desired shows that the balance system can 
be relatively simple, since the bodies to be studied have axial 
symmetry. A three-component single-spindle-type balance 
therefore is capable of furnishing all the necessary information 
since the possible forces acting on the body can be reduced to a 
drag force in the direction of the flow, a cross or lift force, and a 
moment about an axis normal to the direction of flow. 

Description of Main Circuit: 

(a) Flow Circuit. The flow circuit can be traced in Fig. 8 
from the circulating pump which discharges vertically through 
the downcomer to the bottom of the resorber. Here the water 
reverses and flows upward, passes over the top of the partition 
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and down to the bottom of the resorber again. The flow then 
rises through the upcomer to the vaned elbow where, at the work- 
“ing-section level, it is turned horizontally to the right. From 
there the water passes through a honeycomb, which, combined 
with the carefully designed elbow, insures a good entrance flow 
to the nozzle. The flow through the nozzle, with a reduction in 
area of about 18 to 1, results in a uniform velocity distribution 
in the working section with a very thin boundary layer. From 
the nozzle, the flow passes through the 14-in-diam working sec- 
tion and enters the horizontal diffuser which reduces its velocity 
to about 3/1) of that in the working section. The flow then enters 
the diffuser elbow and passes downward through the third dif- 
fuser which completes the deceleration before it reaches the inlet 
of the circulating pump. 

(b) Circulating Pump and Drive.. The source of power for 
the circulating pump is a direct-current separately excited 
stabilized shunt-wound vertical motor with a short-time rating 
of 500 hp. To save space the motor is mounted above the 48-in. 
propeller pump and connected directly to it by a long shaft. 
A pump of low speed and large size was selected and installed at 
a considerable depth below the working section in order to avoid 
pump cavitation. 

(c) Resorber. The resorber, so-called because its function 
is to resorb entrained air bubbles into solution, is essentially a 
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steel tank 11 ft 6 in. diam x 58 ft long, buried vertically in a 
concrete pit, the bottom being 70 ft from the level of the sub- 
basement. The resorber is split into two chambers by a light 
partition which extends from the bottom to within 4 ft of the top 
of the tank. A 5-ft-diam pipe extends into each chamber to 
within 4 ft of the bottom. These are called the downcomer and 
the upcomer. 

The long time required for the water to pass through the re- 
sorber, due to its large capacity, plus the high pressure at the 
bottom, assures complete resorption of any entrained air in the 
circuit. 

There are several additional advantages of this type of re- 
sorber construction. The vertical pit saves valuable space and 
permits a vertical pump drive with no side load on the pump 
bearings. The resorber, with a volume of approximately 45,000 
gal, has a large heat-storage capacity which facilitates temperature 
control. Finally, the long straight approach of the upcomer gives 
uniform flow at the upcomer elbow. 


Description of Auxiliary Circuits and Control Systems: 


(a) Temperature Control and Refrigeration System. The re- 
frigeration system used to maintain an even temperature level 
in the high-speed water tunnel is shown in Fig. 9. A small por- 
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tion of the total volume of water circulated is pulled off the 
top of the resorber head by the chilled-water pump which forces 
it through the chiller coil of the refrigeration unit. The chilled 
water leaves the coil and returns to the main circuit at a point 
Just upstream from the pump elbow. Complete mixture of the 
cold water is insured by passing through the main circulating 
pump and through the complete circuit of the resorber. Cooling 
water for the condenser coil is supplied from an induced-draft 
cooling tower located on the roof of an adjoining three-story 
building. 

The turbovacuum compressor is a low-pressure self-contained 
refrigeration unit with the motors hermetically sealed inside. 
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The compressors are of the centrifugal type, using a volatile 
refrigerant of the Freon family. : 

Temperature control is maintained by means of a Micromax 
temperature-recording device which operates relays so that the 
refrigeration unit cuts in and out at predetermined temperature 
levels. : 

(6) Storage-Tank Pumping System. Inorder to change models, 
the water level in the tunnel must be dropped to the bottom of the 
working section. This requires the transfer of 1100 gal of water 
between the tunnel and a suitable storage tank. 

(c) Pressure-Control System. The pressure control system and 
also the storage tank and filling circuit are’ shown in Fig. 10. 
The pressure in the working section of the water tunnel is con- 
trolled by means of an air chamber with a water level approxi- 
mately 40 ft below the center line of the working section. By this 
arrangement, it is possible to use a positive air supply at all times, 
even when the working section is operating under a vacuum. 
The relatively large volume of air is also desirable to compensate 
for changes of volume of the main tunnel circuit due to forma- 
tion of vapor bubbles during cavitation tests. As Fig. 10 
shows, even the minor absorption of air from the pressure 
chamber has been cut to a minimum by using a float to eliminate 
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nearly all of the water-air interface. The air pressure may be 
controlled by means of the manual pressure controller valve or, 
if a more accurate control of the pressure in the working section 
is desired, by an automatic pressure-control system. 

(d) Speed Control. Itis essential that constant water velocity 
be maintained in the working section. This means that the cir- 
culating-pump and driving-motor speed must be controlled very 
accurately. Fig. 11 shows the unit used to control the velocity 
of the high-speed water tunnel. The system is the same as that 
used in the Hydraulic Machinery Laboratory,® except that the 
control box is very compact and has one gear cluster and three 
speed decades giving 1000 steps of control. This device is 
calibrated so as to permit settings of water velocity from 0 to 
99.9 fps in steps of 1/19 fps. 

Description of Instruments: 

(a) Balance. The balance, Fig. 12, is designed to measure 
three components of the hydrodynamic forces operating on the 
model, as previously outlined. The balance consists of a vertical 
spindle supported near the center with a universal pivot which 
permits rotation about any axis through this point but allows 
no translation. The model is attached rigidly to the top of the 
spindle. This assembly is prevented from rotating under the 
action of the hydrodynamic forces by applying restraining 
moments about three mutually perpendicular axes intersecting 
at the pivot. These moments are applied by hydraulic pressure 
through the three sets of pistons, cylinders, and yoke wires. The 
three restraining moments measure the components of the 
hydrodynamic forces acting on the model. The upper section of 
the spindle can be rotated so that the yaw of the model can be 
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changed with respect to the flow without disturbing the remainder 
of the balance and measuring system. 

Fig. 13 is a schematic diagram of the balance system, force- 
transmitting system, and pressure gage used to measure the drag 
force. Similar systems are used to measure cross-force and 
moment. ;The hydrodynamic force on the model and upper 
spindle is transmitted to the restraining wire at the bottom 
of the Hower spindle. The wire and yoke transmit the force to 
the hydraulic piston. In order to measure positive and negative 
forces with one piston, a spring preloader is used. To eliminate 
static friction, the hydraulic cylinders are rotated at constant 
speed by individual motors. 
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(b) Pressure Gages. The pressures in the cylinders on the 
balance are measured by weighing-type pressure gages, as shown 
schematically in Fig. 18. Fig. 14 shows one of these gages. It 
consists essentially of a beam supported on a Cardan hinge pivot. 
The pressure to be measured is applied through a piston attached 
to this beam, the piston being fitted in a cylinder which is rotated 
to avoid static friction, the same as in the case of the balance 
pistons and cylinders. The force exerted by the oil pressure on 
the piston is balanced by pan weights applied to the end of the 
beam and also by a rider weight running on the beam. Un- 
balance of this beam results in unbalance of the optical-electrical 
control system which, in turn, automatically moves the rider 
weight and changes pan weights until equilibrium is obtained. 
The positions of the rider and pan weights are indicated by 
counters which read directly in pounds per square inch to the 
nearest 0.01 psi. The maximum pressure reading is 750 psi. 

(c) Compensator. The compensator shown in Fig. 15 is a 
small screw-operated piston which supplies oil to the system in a 
definite minute amount upon receiving an electrical signal from 
the balance contacts. 
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(d) Differential Pressure Gage. The diffefential pressure gage 
is employed primarily in the measurement of velocity of flow in 
the working section by means of the pressure difference across 
the nozzle, as shown diagrammatically in Fig. 10. It is similar 
in appearance and design to the pressure gages, the only differ- 
ence being that the force applied to the beam is the result of 
the difference of two pressures applied to the opposite ends of the 
piston. The pressure lines from the nozzle are connected to the 
bottoms of two separating pots. The lower halves of these pots 
are filled with water and the upper halves with oil. Pressure ~ 
leads from the oil domes go to the differential gage. : 

(e) Control Panel. Fig. 16 shows the instrument group with 
the cross-force, drag, moment, and the differential pressure gages. 
In the center is a panel with lights indicating the state of balance 
of the gages and other essential operating data. When all panel 
lights are out, a condition of gage balance and general instrument 
readiness is indicated. Thereupon a button is pushed which 
stops the gage rider motors so that simultaneous pressure read- 
ings may be recorded. 

(f) Models. The models used are exact geometric replicas of 
the prototypes within the tolerances of the precision machine 
shops employed. A 2-in. body diameter has been chosen as 
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standard. Fig. 17 shows a typical model and Fig. 18 its in- 
dividual components, including the spindle and integral center 
section. A complete set of cylindrical body sections is available 
so that any desired length can be assembled from 0.100 in. to 
12.000 in. in steps of 0.010 in. When a design of a new body is 
submitted for test, a quick survey of the model parts shows 
what elements are available and what new parts must be made. 
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In general, the model parts are made of stainless steel to eliminate 


corrosion and to secure a reasonable hardness to reduce damage 
from handling. 


THe FRep-Surracr Water TUNNEL 


General Characteristics. The latest major piece of equipment 
of the laboratory is the free-surface water tunnel. It offers a 
working section in which bodies may be supported in a stream of 
flowing water so that their hydrodynamic characteristics can be 
determined. A unique feature is that the stream of water passing 
through the working section is confined by solid boundaries only 
at the bottom and sides ; the top surface of the stream is not a 
solid boundary, but is here a free surface, i.e., an air-water inter- 
face. The hydrodynamic forces acting on a body when it is 
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near a surface are different from those acting during deep running. 
These forces and their variation with distance to the surface 
can be studied effectively in the free-surface water tunnel. 

Large amounts of air or other gas may be injected into the 
working section during certain investigations. If it is not re- 
moved, it circulates with the water and returns to the working 
section. This is not permissible because it affects all the hydro- 
dynamic forces and invalidates the measurements; therefore the 
free-surface tunnel has a high-capacity air-removal system to 
remove bubbles before they return to the working section. 

The air pressure above the free surface in the working section 
can be controlled at any value from atmospheri¢ pressure down 
to'/zor'/;;atm. This permits control of cavitation on a model; 
therefore the effect of cavitation on the hydrodynamic forces 
on a body can be investigated. It is now possible to model 
properly and simultaneously the submergence, the surface-wave 
pattern, and the cavitation characteristics. 

Velocities as high as 30 fps can be obtained in the working 
section. The channel is 20 in. wide and 30 in. deep; the normal 
depth of flow, however, is 21 in., in order to allow a 9-in. air 
space above the interface. Throughout its 8-ft length, the work- 
ing section is bounded by transparent windows on ‘the sides, 
bottom, and top to permit photographic and visual observation 
of cavitation, surface configuration, and air entrainment caused 
by the model under test. : . 

Special Operating Characteristics. Because of the wave 
phenomena associated with the movement of objects near a free 
surface, this test channel is made wider than the 14-in. diam 
of the working section in the, high-speed tunnel. The 20-in. 
width used here should allow the standardized models with a 
diameter of 2 in. to be used in both tunnels even when the sub- 
mergence in the free-surface tunnel is so small that the surface- 
wave phenomena are significant. 

Since the top of the free surface must be level before it is dis- 
turbed by a model, a rectangular cross section is used. Any 
other shape would complicate the design of the viewing windows 
and the accelerating nozzle which precedes the working section. 
The 21-in, depth of flow where it. discharges into the working 
section will allow a variation in submergence of the model 
throughout a range from any degree of intersection with the sur- 
face to a submersion so great that the free surface does not affect 
the results. 

Continuous operation at velocities as high as 25 or 30 fps can 
be obtained. For a channel with a depth of 21 in., the critical 
velocity, ie., the velocity of a gravity wave, is about 71/2 fps. 
At 30 fps, the ratio of the velocity of flow to the wave velocity 
will be 4. This ratio, the Froude number for the open channel, 
is a characteristic parameter describing the behavior of a surface 
wave in the working section. It is analogous to the Mach num- 
ber, the flow parameter used with supersonic gas flow. ' 

Another type of surface-wave phenomenon studied by William 
Froude in 1872, was caused by geometrically similar forms moving 
parallel to the surface. He found that surface waves of identical 
geometrical configuration would be produced if the speed-length 
ratio, V/+/l were the same. In adjusting this ratio for geo- 
metrical modeling of the surface-wave pattern, values as high 
as 30 can be obtained for models that are 1 ft long by bringing 
the tunnel velocity up to 30 fps. By making speed adjustments 
to produce identical values of V/+// and by providing geometrical 
modeling of the submergence, the flow pattern around the model 
should be geometrically similar to the pattern around the proto- 
type. With the 30-fps velocity around a model that is 1 ft long, 
the Reynolds number will be 3,000,000. This parameter will 
be high enough in the majority of tests so that exact modeling 
for skin friction will be considerably less significant than proper 
modeling of the surface wave. 
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In order to regulate the cavitation parameter, it is necessary 
to control the pressure of the air above the water surface. This is 
done by connecting this space to a high-capacity vacuum pump 
and regulating the flow of air to the pump with control valves. 
The valves are positioned by an automatic vacuum regulator. 
At 30 fps and !/;; atm the cavitation parameter is about 0.11. 

Arrangement and Construction of the Main Circuit.* The free- 
surface water tunnel has a closed-circuit circulation system which 
is driven by a propeller pump, powered by a variable-speed 
direct-current motor. The circuit is arranged in a vertical plane 
with the working section in the upper horizontal run. The 
return circuit, containing the circulation pump, is located one 
floor below the upper level. 

Fig. 19 shows a sketch of the entire tunnel. The observer is 
watching the operation of a model mounted on the balance in 
the working section. Downstream from the working section, the 
jet enters a series of vane diffusers which increase the cross 
section and decrease the velocity. The low-velocity flow enters 
an air separator which can be seen through the cutaway opening 
in the upper left-hand corner of the sketch. At the lower level, 
the discharge from the pump goes into a circular diffuser section 
which again decreases the velocity. At the maximum diameter, 
a transition section gradually changes the cross section from round 
to square. The acceleration of the flow to the working velocity 
begins in the vertical riser, continues in the accelerating elbow 
above this riser, and is completed in a two-dimensional nozzle 
which discharges a 20-in-wide X 21-in-deep jet of water into 
the working section. 

Since the working section may be operated at very low pres- 
sures, the entire structure is designed to support an external 
pressure of 1 atm. This requires heavy strengthening ribs on all 
the exterior surfaces where the cross section is not circular. 

Construction of Working Section. All faces of the working 
section shown in Fig. 20 contain lucite windows which are held 
in a comparatively light steel framework. Deflection of this 
framework allows the windows to take a share of the stresses 
involved in the low-pressure operation. The pressure on the 
top and bottom windows loads the side windows in a vertical 
direction and vice versa. Positive pressures must be limited to a 
few pounds per square inch because the windows do not assist 
in taking the load in such cases. In order to limit deflections, 
the 30-in-high side windows are 4/2 in. thick, and the 20-in- 
wide top and bottom windows aré 8 in. thick. The length is 
divided into two sections in order to decrease the size of the 
lucite castings. 

Deceleration Downstream From Working Section. The velocity 
must be reduced before the flow enters the air separator since 
time must be allowed for the bubbles to rise. The purpose of 
the diffuser is to take the water discharged by the working sec- 
tion and distribute it evenly over a cross-sectional area about 16 
times as great, thereby reducing the velocity by this ratio. 

An efficient diffuser should regain a large portion of the dif- 
ference in the velocity heads at the entrance and discharge. 
A number of factors complicate the problem of getting efficient 
diffusion in the free-surface water tunnel. There is a transition 
from an open surface to a closed diffuser. The size of the 
laboratory precludes the use of the customary long diffuser with 
a gradual expansion. Air bubbles in the flowing stream tend 
to prevent the flow from following the expanding channels; 
furthermore, work must be done in compressing these bubbles 
through the pressure regain obtainable. The necessity for a 
free surface in the air separator makes it difficult to_apply the 
pressure across the diffuser which is required to realize whatever 
head the diffuser is capable of regaining. 

A short diffuser with reasonable efficiency was secured by tak- 
ing the flow through a series of four 60-deg turns with vane dif- 
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Fig. 19 Fren-SurrAcE WATER TUNNEL : 


fusers which double the cross-sectional area at each turn. The 
vanes are curved on a 4-in. radius and the spacing transverse 
to the stream is small. 

A regain-of velocity head by the diffuser implies that the down- 
stream pressure is higher than the upstream pressure. Since 
there are free surfaces on both sides of the diffuser, this pressure 
difference is maintained by adjusting the downstream level a 
few inches above the working-section level and by holding the 
‘air pressure above the air separator at a higher value than 
the air pressure in the working section. The total pressure across 
the diffuser, i.e., the head regained, is equal to the air-pressure 
difference plus the small surface-level difference between the air- 
separator chamber and the working section. 

Pressure Controls. The working-section pressure can be con- 
trolled from atmospheric pressure down to about !/15 atm. Con- 
trol valves are installed in the line connecting the working-sec- 
tion air chamber to the vacuum pump. They are actuated by a 
drift-compensated proportional controller, having a measuring 
element which is sensitive to the pressure in the working section. 
To simplify the control system, a manually controlled air bleed 
into the working section is provided. This makes it possible for 
a single automatic control system which operates valves in the 
vacuum line only to make pressure adjustments in both direc- 
tions. 

Air that is injected for powered models will enter the chamber 
above the air separator in varying amounts. Adjustments of 
the pressure in this chamber are made with control valves which 
are installed in the air-exit line. This line can be connected 
either to the working séction or to the vacuum pump. Here 
again, manually controlled inbleed of compressed air is provided 
for changing operating conditions and for use, when necessary, 
in positioning the automatically controlled air-exit valves within 
their operating range. The controller operating these valves 
therefore is able to maintain the required back pressure on the 
diffuser. 

The regulators for both the working-section pressure and the 


release of air from’ the air separator are shown on the control 
panel at the left in Fig. 20. The air piping and control valves 
can be seen in Fig. 21. 

The Air Separator. The air introduced in the working section 
will at times appear in the form of small bubbles, many of which 
may be deeply submerged. The rate of rise of such bubbles is 
rather low. This means that either a long time or a short dis- 
tance to a free surface is required for adequate separation. 
Although the velocity at which the flow leaves the battery of 
deceleration vanes will probably be under 2 fps, the depth will 
be very great—too great to permit the rise of a small bubble to 
the surface before the flow reaches the vane elbow and turns 
down toward the circulating pump. To reduce the effective 
depth, the air separator is divided into a series of shallow chan- 
nels by means of a spaced stack of trays which have solid tops 
and perforated bottoms. The perforations permit free access of 
any bubble to the space within. This space contains dividers 
which permit the trapped air to flow across the stream to chan- 
nels leading upward to the surface of the pool above the stack. 
Fig. 22 shows some of the trays after installation. They are 1/2 
in. thick and have a net separation of about 2in. The minimum 
time required for the flow to pass through the tray section will 
be approximately 5 sec. Bubbles with an effective rate of rise 
of ?/s ips or greater will reach the perforations and be trapped. 
To assist the bubbles to separate there is a small flow from the 
main stream up through the perforations and out through the 
channels to the risers. This flow is induced by taking water from 
the pools above the trays (see one of the suction nozzles at the 
top of Fig. 22) and pumping it back into the main circuit between 
the diffuser vanes and the air-separator trays, i.e., just upstream 
from the air separator. 

Many of the investigations may produce splash and spray 
above the free surface in the working section. Provisions are 
made to collect the water thus involved by skimming off the top 
layer and deflecting it to each side where it can drop into a stilling 
pool below the diffuser. From the stilling pool the skimmed 
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water is pumped back into the main circuit just upstream from 
the air separator. Entry at this point will give the air separator 
a chance to take out any remaining bubbles. The speed of the 
pump which takes the water out of the stilling pool is adjusted 
by a controller that is sensitive to the water level. By keeping 
this surface level fixed, the total water in the main circuit is prac- 
tically constant, and this third free surface does not affect the 
operation of the main circuit. 

Main-Circuit Pump and Driving Motor. A standard 42-in. 
propeller pump is used to circulate the water. The bearings 
are arranged for a horizontal drive and the shaft seal is designed 
for pressures acting in either direction, since the submergence 
is not sufficient to maintain a positive seal pressure during high- 
vacuum operation in the working section. Although this pump 
circulates approximately the same quantity of water as the one 
in the high-speed tunnel, the power requirements are greatly 
reduced because of the lower head required to produce the lower 
velocity in the working section. Therefore the pump of the 
free-surface tunnel is driven by a 75-hp direct-current motor 
which is powered with a 75-kw rectifier. The speed is con- 
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trolled by a system which is identical with the one used in the 
high-speed tunnel. 

Measurement of Hydrodynamic Forces. In order to determine 
the hydrodynamic characteristics of a body, it must be sup- 
ported in the stream of flowing water by means of a balance 
capable of measuring the resultant forces. Since the forces 
resulting from tests in a free-surface channel have components 
that are different from those previously obtained, and since the 
position of the model relative to the interface should be adjustable, 
new balance systems are being developed for the free-surface 
water tunnel. 

For most craft which operate at or near a free surface, variations 
in the pitch angle and degree of immersion greatly influence the 
resultant forces on the body. A great deal of valuable informa- 
tion can be obtained in the free-surface tunnel when models are 
supported with zero yaw. If the pitch angle is varied while 
maintaining zero yaw, a three-component balance, which meas- 
ures drag, lift, and pitching moment, will define adequately 
the forces on models that are symmetrical about the drag-lift 
plane. Although in some investigations such a three-component 
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balance will secure all the information desired, its design and 
operation are considered only a part of the development of a 
five- or six-component weighing system. Six components will 
be necessary, in fact, before the balance can be considered com- 
plete, because even the rolling moment induced by yaw is 
significant for laterally steerable craft operating at or near a 
free surface. 


CoNTROLLED-ATMOSPHERE LAUNCHING TANK 


General Description. The primary use of the controlled-atmos- 
phere launching tank is in the study of the hydrodynamic prob- 
lems involved as a free-flying body enters the water from the air. 
The equipment may be used for other studies, such as under- 
water explosions, which require similar facilities. In studying 
hydrodynamic phenomena occurring at an interface between 
a liquid and a gas, it is sometimes necessary to have control of the 
atmospheric pressure and density. For this reason the tank was 
built as a completely enclosed pressure vessel. 

Fig. 23 is an artist’s sketch showing an over-all view and Fig. 
24 is a cutaway view of the launching end of the tank. The 
tank itself is a completely enclosed pressure vessel of welded- 
steel construction. In normal operation, the tank is filled with 
water to about three fourths of the total depth, leaving an air 
space above the water. A centrifugal launching device, mounted 
on the underside of a large hatch cover, launches the model 
under investigation at any desired trajectory angle from verti- 
cally downward to horizontal, with any pitch angle up to +10 
deg, and at any desired speed up'to 250 fps. A battery of high- 
speed motion-picture cameras records the path of the model 
during both, the air flight and the underwater travel. The 
cameras operate without shutters, and exposures are made by 
intermittent illumination of the interior of the tank with Edger- 
ton-type flash lamps. The fields of view of adjacent cameras 
overlap by 60 per cent, so that at least two cameras photograph 
the model throughout its travel. The stereoscopic vision thus 
obtained makes it possible to recreate the path of the model 
step by step with the analyzing equipment which will be de- 
scribed later. 


In Fig. 24 the launcher is seen in the launching position 


Fig. 24 


Curaway View or LAuNcHING ENp or TANK 


shortly after having released a model, and the model is seen 
entering the water. The air-trajectory cameras are approxi- 
mately level with the launcher and slightly to the right. Four of 
the five underwater cameras are shown on the lower level. The 
flash lamps for illuminating the interior of the tank are installed 
in the six lucite tubes which pass through the tank, above and 
below the underwater cameras. 

For convenience in description, the equipment will be sub- 
divided into four components, namely, the tank, the launcher, 
the trajectory-recording system, and the data-analyzing system. 

The Tank. The physical requirements for the study, as in- 
dicated in the previous section, call for control of the air pressure 
above the water in the tank. For this reason the tank was de- 
signed to withstand an external pressure of a full atmosphere 
and an internal pressure of 40 psi. The tank provides a clear 
launching plane 25 ft long with a water depth of 10 ft. 

The tank structure, as may be seen in Fig. 25, consists of a 
large horizontal cylinder, 13 ft diam and 29 ft long, to one side 
of which is attached a section of a smaller cylinder 6 ft diam and 
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23 ft long. The purpose of the smaller cylinder is to provide 
the necessary distance from the cameras to the launching plane 
so that the launching plane can be covered with a reasonable 
number of cameras. The large openings in the shells of the two 
cylinders where they are joined together, require special provi- 
sions for carrying the hoop stress across the opening. This is 
-done by means of the longitudinal T beams, 20 in. high, running 
the full length of the intersection, and 2-in. % 12-in. vertical 
columns spaced at 54-in. intervals which span the opening and 
transmit the load from one T beam to the other. These col- 
umns are spaced so that they will carry the load without ec- 
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centricity and at the same time stay out of the field of view of 
the recording cameras. The weight of the empty tank is ap- 
proximately 40 tons, and when filled with water to a depth of 10 
ft, the combined weight is about 150 tons. 
The large rectangular hatch opening, which may be seen in 
Fig. 25, on top of the tank and near the far end, is off center to 
increase the distance between the launching plane and the came- 
The entire launching mechanism is mounted on the hinged 
cover which has an O-ring pressure seal. A hydraulic cylinder 
provides for rapid opening and closing of this hatch cover. Heavy 
C-clamp frames along the two longitudinal edges of the opening 
hold the cover rigidly in place during operation of the launcher. 


Tas. 
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Fig. 26 shows the hateh cover, with the clamps and the opening 
lever. Four flanged openings along the top of the main cylinder 
are for access and recovery of models, ten on the side and ends 
are for attachment of recording cameras, five for visual observa- 
tion windows, twelve for insertion of the lucite tubes which 


_ house.the lamps, and two for control of the air pressure. 


Since the tank is used for underwater photography, it is ex- 
tremely important to maintain the water in it at a high degree 
of clarity. The lamps and the cameras are both on the same side 
of the tank. The light has to travel an average water path of 24 
ft in going from the lamps to the model and back to the cameras. 
It is obvious that even a slight amount of color, fine suspension, 
or microscopic life in the water would absorb or scatter most of 
the light before it reached the cameras. Therefore the treat- 
ment of the interior of the tank was given a careful study. The 
requirements were to prevent corrosion of the steel tank, to avoid 
contamination of the water in any manner which might impair 
its optical properties, to provide a dark background, and to 
minimize the possibility of damage to models striking tank walls. 
Very few materials were found which could meet all these require- 
ments. The one finally selected is a polyvinyl chloride plastic 


(Koroseal) which is cemented all over the interior of the tank, in 
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sheets 3/2 in. thick, with the seams between sheets heat-sealed 
with strips of similar material. Commercial sand and alum 
filters remove suspended materials from the water, and a string 
of germicidal ultraviolet lamps installed along the céiling control 
bacterial growth. A vacuum pump is provided for controlling 
the atmospheric pressure. Fig. 27 shows the lined interior, 
the ultraviolet-light tubes along the ceiling and, incidentally, 
the reinforcing columns at the junction of the two cylinders 
and some of the lucite tubes in the smaller cylinder. Occasion- 
ally the local water supply contains traces of yellow coloring 
matter in solution which cannot be removed by filtration. This 
makes the water completely unusable in the tank since it filters 
out all the blue and violet light in which the flash lamps are rich. 
The difficulty has been overcome by distillation, which is done 
rather economically by means of vapor-compression stills. 

The Launcher. The design specifications for the launcher 
call for a device which will produce accurately any desired speed 
up to 250 fps, be compact so it may. be lowered easily into the 
tank for launching and brought out for loading and setting, and 
which will launch models with pitch angles (angle in vertical 
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plane between axis of model and path of the center of gravity of 
the model) up to +10 deg. It was also desired to provide for 
possible modification to include pitch angular velocity and yaw 
angles. After an extensive consideration of the possible launcher 
types, it was decided to use a centrifugal | uncher. , 


Fig. 29 Cxuuck Witra Mopeu 
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The launcher consists basically of a rotating wheel which 
carries the model near its periphery, with a planetary-gear system 
to prevent the model from rotating about a transverse axis as 
it goes around with the wheel, and with a mechanism for releasing 
the model at any predetermined point along a 90-deg arc. Fig. 
28 shows the launcher mounted on the open hatch cover with a 
model in place in-the chuck. The wheel is a heavy steel plate 
having sufficient flywheel effect to insure uniform velocity. It 
is supported on a stainless-steel shaft which is mounted on four 
preloaded precision ball bearings, assembled in a quill to form 
an accurately aligned unit. The launcher is driven by a 10-hp 
d-c motor whose speed is controlled electronically by a device 
similar to the ones used with the water tunnels. The control is 
activated by a selsyn generator driven by chain from the launcher 
shaft. The model is counterbalanced by a movable weight on 
a screw in the plane of rotation of the model and displaced from 
it by 180 deg. No provision is made for shifting this counter- 
balance after the release of the model because the structure is 
massive enough not to suffer from this unbalance, and a slight 
unbalance is not critical once the model is free. ' 

The chuck, with model in place, is seen in Fig. 29, and Fig. 30 
shows the internal construction. It consists of a cylindrical 
seat, covering a 135-deg arc, into which the model is laid, and 
a@ gripping finger which holds the model in place. A locking 
lever, in turn holds the gripping finger against a spring which 
tends to open it. The locking lever extends slightly beyond the 
face of the wheel on the far side. To release the model, a tripper 
block is moved by a solenoid into the path of the protruding end 
of the locking lever. The open end of the model seat faces to- 
ward the periphery of the wheel. . At the instant of release the 
model and the chuck have identically the same motion. From 
this instant the model moves along a tangential path, and the 
chuck, continuing its circular motion, gradually lifts away from 
it. After release, the heavy spring moves the gripping finger 
rapidly’ out of the way of the»model to prevent interference. 
The model seat is made as rigid as possible to reduce to a mini- 
mum (the energy stored in it which might affect the motion 
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of the model at the instant of release. The entire 
mechanism is mounted in precision ball bearings. 

Fig. 31 is a drawing of the launcher showing the opposite face 
of the wheel with planetary-gear system and launching controls. 


chuck 


The planetary-gear system, which prevents the chuck from rotat- - 


ing around its own axis, is composed of specially cut fine-pitch 
precision gears. To insure smoothness of operation and to pre- 
vent backlash, the idler gear of this train is made in three layers. 
The central layer is integral with the spokes and hub. The two 
outer layers are ring gears and are loaded against the central layer 
by small tangential coil springs in the rim. The central 
layer and one outer layer mate with the hub gear, while the cen- 
tral and other layer engage the chuck gear. The hub and chuck 
gears are equal in diameter. ‘There are two levers or arms, both 
bearing-mounted on the wheel shaft and prevented from rotating 
by clamps. The trajectory-angle arm clamps to the trajectory- 
angle scale, has a 90-deg adjustment, and is integral with the 
release arm which carries the solenoid-operated tripper. The 
pitch-angle arm is attached to the central gear of the planetary 
system, and is clamped to the trajectory-angle arm with an 
adjustment of +10 deg on the pitch-angle scale. 

When the trajectory-angle arm is set at zero on its scale, the 
release arm hangs vertically down, and therefore would release 
the model on a horizontal trajectory. If, at the same time, the 
pitch-angle arm is set at zero on its scale, the axis of the model 
will be horizontal, i.e., parallel to the tangent at the point of 
release, and the model would fly with zero pitch angle. Now, 
if the trajectory-angle arm is moved a given number of degrees 
to any new position on its scale while leaving the pitch-angle 
arm clamped to it, then the release point is shifted the same num- 
ber of degrees and the central gear is also rotated the same 
number of degrees in the same direction. The result is that the 
axis of the model is now parallel to the tangent at the new release 
point, and if released, the model would again travel with zero 
pitch. If, on the other hand, the trajectory-angle arm is left 
clamped while the pitch-angle arm is shifted, say, 5 deg, then the 
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release point remains unchanged, whereas the model axis now 
makes an angle of 5 deg with the tangent at the release point. 
Thus the model would take off with a pitch angle of 5 deg. 

On the trajectory-angle arm, on the side facing the wheel, 
there is a light source and a photocell. A small mirror mounted 
on the wheel reflects the light into the photocell every revolution 
when the chuck is about 20 deg before the launching point. 
This transmits a signal to the electronic interlocks which syn- 
chronize the operation of the tripper with that of the cameras 
and the lights. 

Trajectory-Recording System. The cameras and flash lamps 
of this trajectory recording system have been described recently ;6 
therefore only a brief description of this equipment will be given 
here. . 

In this installation the cameras are used as precision-measuring 
instruments, and many of the special features incorporated in 
their design were dictated by this requirement. To obtain all 
the necessary data from each launching, the camera system was 
designed to cover. the entire underwater volume of the tank, as 
well as the above-water portion containing the trajectory from the 
launcher to the water surface. Since an entire test run occurs 
in 1 see or less, it was decided that photographs should be taken 
at rates varying between 500 and 3000 per sec, per camera, 
depending upon the launching speed and the accelerations an- 
ticipated during a particular run. 

The recording system consists of a battery of synchronized 
high-speed motion-picture cameras using standard 35-mm film. 
The main bank of five cameras records the underwater trajectory, 
while another bank of two or three cameras is used for recording 
the air trajectory. The optical coverage of the cameras is 
shown in Fig. 32. At the launching plane the adjacent camera 
fields have a 60 per cent overlap. In the vertical direction the 
field of view covers the entire water depth. This multiple cover- 


6 “Special Cameras and Flash Lamps for High-Speed Underwater 
Photography,” R. T. Knapp, Journal of the Society of Motion Pic- 
ture Engineers, vol. 49, no. 1, July, 1947, pp. 64-82. 
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age makes it possible to use stereoscopic technique for the 
analysis of the-recorded data to obtain five components of the 
motion, namely, longitudinal, lateral, and vertical: movements, 
and rotation in the horizontal and vertical planes. Each camera 
is rigidly attached to a flanged opening in the tank shell and looks 
into the tank through a small window. 

In the case of the underwater cameras, if a plane window were 
used, the result would have been reduction of the field of view 
due to refraction of the light in passing obliquely from the water 
to the air. This difficulty was overcome by using optically 
ground spherical windows, so positioned that the front nodal 
point of the camera lens is at the center of curvature of the 
window. Thus all primary rays pass through the interface at 
an angle of 90 deg and suffer no refraction; therefore there is 


no distortion or reduction of field. However, the curved water 
interface is, in effect, a negative lens which increases the effective 
focal length of the system and shifts the focal plane. Thus, for 
example, if the distance from the lens to the object is actually 
12 ft, the lens must be set for a focal distance of about 14 in. 
when used with the spherical window. This shift in focal plane 
causes a field reduction of 4 per cent, compared to a field reduc- 
tion of 29 per cent- which would have resulted if a plane window 
were used. 

The design requirement of a*maximum rate of 3000 frames per 
sec made it necessary to use a continuous motion of the film be- 
cause of the obvious difficulty involved in starting and stopping 
the film 3000 times per sec. Also, a rather high film speed was 
mandatory to provide a reasonable frame height. A speed of 


KNAPP, LEVY, O’NEILL, BROWN—HYDRODYNAMICS LABORATORY 453 


> — — MACATING ———— | 


———--———— FILM SPOOLS _ 


“ MAGAZINE 
}) -LIGHT LOCK 


_—— RUN- DATA PRINTER 


CONTINUOUS PATH 


awe RUBBER SEAL 


WINDOW 


KEEPER ROLLERS —~_ J 


on 
s 


SUPPORTING _ FLANGE 


SPHERICAL CORRECTING 


~ ctr — -) 


et cS] 


GATE ROLLERS 


ORIVE SHAFT 
ORIVE SPROCKET 


MAGAZINE RELEASE 
MAGAZINE LIGHT LOCK 


Fie. 33 UnpERWATER CAMERA WitTH Fitm Magazine, SPHERICAL WINDOW, AND Mountine FLANGE 


31.25 fps was selected, which at 500 frames per sec gives a 
standard 35-mm frame height of 3/, in., resulting directly in a 
projectionable motion-picture film. At the higher rates of 
1000, 1500, and 3000 frames per sec, the frame heights are, re- 
spectively, #/s, 1/4, and 1/s in. This high film speed makes it 
necessary to use extremely short exposures, of the order of two 
microsec, which are obtained by using flash lamps of the Edgerton 
type. 

Fig. 33 is a drawing of one of the underwater cameras, with 
film magazine, spherical window, and mounting flange. The 
lens is a l-in., {/2.3, Bausch and Lomb Baltar. To prevent 
friction, the film is guided through the focal plane by rollers 
instead of the usual pressure-plate arrangement. The film 
magazine may be detached from the camera and tilted to a hori- 
zontal position for loading. A thirty-two-ft length of film, suf- 
ficient for-a single run, is stored in the magazine in a number of 
passes over the two sets of idler spools. The ends of the film, 
which extend through the light locks, are spliced together to 
form a slack loop about 2 ft long outside the magazine. Fig. 34 
shows the arrangement of the film inside the magazine, and Fig. 
35 shows a loaded magazine with the exposed loop containing the 
splice. : 

The loading operation is completed by tilting.the magazine 
into the vertical position and threading the loop over the 
guide rollers and drive sprocket of the camera. With the film 
thus arranged in a continuous belt, it is possible to bring it up 
to speed gradually, expose it, and slow it down again without 
wasting any film or using long leaders. 

All the cameras are driven through line shafting by a single 
synchronous motor. 

Fig. 36 shows the underwater cameras and the driving motor. 
Fig. 37 is a close-up of the motor. To provide gradual accelera- 
tion and deceleration of the film, the motor housing is mounted 
in trunnion bearings so it may rotate, and the power to it is 
brought in through slip rings on its left-hand face. Two elec- 
trically operated brakes are provided, one to stop the shaft and 
one to stop the housing. To start the motor, the shaft brake is 
clamped, the housing brake is released, and the power is applied. 
The housing then begins to rotate, comes up to speed, and is 


A 
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Fic. 36 
synchronized. The shaft brake is then released and the housing 
brake is gradually applied. As the housing slows down, the 
shaft takes up the difference between the synchronous speed 
and the housing speed, and, when the housing stops, the shaft is 
Tunning at synchronous speed. By means of time-delay relays, 
this sequence of events proceeds automatically when the motor 
power is turned on. In slowing down the film after it had been 
exposed, this sequence is reversed. 

It was noted before that in loading the film magazine, about 2 
ft of film containing the splice is exposed to light. It would 
be undesirable to have this portion of the film pass through the 
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camera during the actual recording period. Therefore provi- 
sions have been incorporated in the drive to synchronize the film 
travel with the instant of launching. A microswitch, actuated 
by a cam driven by a reduction gear from the camera shaft, 
makes contact once for every pass of the film belt. Before 
threading the film through the cameras, the camera shaft is 
rotated by hand until the microswitch closes, and then all the 
films are threaded into their respective cameras. When the 
camera drive is running, the microswitch signals each passage 
of the splices through the cameras, and controls the operation of 
the launcher release. Two other switches, actuated by the same 
cam, control the operation of the flash lamps. To insure that 
the splices remain abreast of each other throughout the run, it 
is necessary to make all the belts of exactly the same length, that 
is, have the same number of sprocket holes. This is accomplished 
by means of a film-loading device which counts the sprocket 
holes and thus measures out the required length. 

As previously indicated, the cameras are operated with lenses 
continuously open and exposures are made by illuminating inter- 


Iie, Ave 


CaMERA-DRIVE Motor Wire Cover REMOVED 


Unperwater Cameras Wire Drive SHarr anp Moror; Conrrou PANEL IN ForEGROUND 


mittently the interior of the tank with flash lamps. A simple 
computation, involving the speed of the film and the projection 
ratio required for analysis, showed that the maximum effective 
flash duration usable would be about 2 microsec if sufficiently 
sharp images to give the required accuracy of measurement were 
to be obtained. This is approximately 1/10,009 of the exposure 
time normally used in motion-picture photography. This 
means that extremely high light intensity is required, which 
could be obtained only by using a large battery of synchronized 
flash lamps. The assistance of Dr. Harold Edgerton of the 
Massachusetts Institute of Technology was enlisted because of 


KNAPP, LEVY, O’NEILL, BROWN—HYDRODYNAMICS LABORATORY 455 


his wide experience in the development and use of flash lamps. 
The system consists of a battery of from 30 to 42 flash lamps, all 
operated simultaneously. Measurements indicate that the 
individual lamps are synchronized with each other within less 
than 1/4 microsec. 

Each lamp consists of a quartz tube about 8 in. long, filled 
with xenon, hydrogen, and a trace of radium bromide, with 
two metallic electrodes sealed into the ends of the tube. Two 
types of lamps are used. One consists of a straight tube with 
an aluminized lucite reflector designed by Dr. I. 8. Bowen, 
Director of the Mount Wilson Observatory. The other type 
consists of a helical tube in a headlight-type sealed-beam re- 
flector with smooth lens. Figs. 38 and 39 show the two types 
of lamps. ; 

The power for the operation of each light is carried through 
an individual coaxial cable running from the light to the control 
panel. Each light is operated through an individual surge 
circuit which receives power from a large rectifier. The recti- 
fier delivers direct current at 4000 volts, and the lights operate at 
twice this value through a voltage doubler incorporated in the 
circuit. The power consumption of each light is approximately 
0.8 joules per flash. Thus at 3000 flashes per sec, the battery 
of 30 lamps requires a continuous input of approximately 80 
kw. It must be remembered that at this speed the lights are 
lit only about !/20) of the time. This means that the power input 
during the period of illumination is at the rate of better than 
16,000 kw. The heat generated in the tubes themselves limits 
the length of operation, since the tubes get quite hot and will 
collapse if they are operated too long. At flash rates of 1000 
per sec, and above, the only significant heat dissipation is through 
radiation. Experiments have shown that 3600 flashes per run 
are the maximum that can ke employed for successful high-speed 
operation. 

A typical experiment is carried out as follows: 

The camera magazines are loaded and attached to the cameras. 
The model is installed in the launcher, the desired trajectory 
and pitch angles are set, and the launcher is lowered into the 
tank by closing the hatch cover upon which it is mounted. 
The required air pressure, if below atmospheric, is adjusted by 
means of the vacuum pump. The launcher wheel is brought 
approximately to speed by manual control and is then put on 
automatic control which holds it exactly at the desired speed. 
The camera motor is turned on and the film comes up to speed 
automatically. The operator now starts a sequence necessary 
to launch the model by pressing and holding down the launching 
button. This operates the first of the three interlocks. The 
second interlock is actuated by the microswitch on the camera 
drive as the exposed film splices finish passing through the focal 
plane of the camera, and the third and final interlock, which 
trips the model and launches it, is actuated on the next revolution 
of the launching wheel after the film interlock operates. The 
flash lamps begin to function simultaneously with the release 
of the model and continue to flash until the entire length of film 
is exposed, at which time the lamps are automatically cut off. 
The equipment is then automatically shut down in reverse order 
of the starting sequence. 

The camera motor runs at a constant speed of 31.25 rps. 
When the launcher runs at any multiple of that speed, the 
passage of the film splice through the camera and the passage 
of the model past the launching point occur with a fixed phase 
relation between them and may never coincide, in which case it 
would be impossible to launch the model. Provision is made 
therefore for changing the phase relation. This is done by ro- 
tating slowly the camera motor housing by means of a small 


Fic. 38 FiLasa Lamp anp Lucite REFLECTOR 
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electric motor geared to the housing brake. This may be seen 
in the lower left side of Fig. 37. 

Data-Analyzing System. The basic principle of the analyzer 
is that it is essentially a duplicate of the recording system. 
Projectors take the place of the cameras and a movable screen 
replaces the model. All of the films from one run in the launch- 
ing tank are placed in the corresponding projectors with the film 
strips synchronized so that the cerresponding frames taken at 
the same time will be projected at the same time. The film 
drive of the projectors is a continuous shaft so that once the 
film strips are synchronized, they remain so during the projection 
of the entire run. Fig. 40 shows a line diagram of the analyzer 
system. It represents a point on the trajectory in which the 
projectile was in the field of view of cameras Nos. 2 and 3, so 
that projectors Nos. 2 and 3 are projecting the two images into 
the analyzer space. It is obvious that there is only one position 
in this space in which the two images will coincide. The explor- 
ing screen of the analyzer is then maneuvered until the two images 
both fall on it. Additional maneuvering causes the two images to 
fuse into one. This requires movements of the screen in three 
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linear directions and also two angular motions. These moye- 
ments are transferred to a battery of counters. When the screen 
is finally in the exact position required for the precise fusing of 
the images, the counters indicate the position of the projectile 
in space corresponding to that pair of photographs. The 
analyzer is built to a scale of one half that of the tank and 
recording equipment. 

The projectors for this analyzer are precision instruments. 
As a first step in their construction, lenses were procured in 
matched pairs. One lens of the matched pair is used in the 
camera and the other lens in the corresponding projector. The 
gate mechanism is designed to hold the film exactly in the focal 


Fig. 42 


Data-ANALYZING EQUIPMENT 


plane. The light source is kept at as low an intensity as is 
consistent with the accuracy of the readings that are required, 
in order to eliminate as much heat as possible which might affect 
both the dimensions of the film and those of the optical system. 
The temperature is controlled further by the employment of 
water cells and individual air cooling. Fig. 41 shows one of the 
projectors. To check the location of each frame, use is made of 
a series of reference marks on the rear wall of the launching tank. 
These marks are reproduced on a background screen at the rear 
of the analyzer, and before making a measurement a check is 
made to see that the images of the marks from the films in the 
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projector fall on the corresponding marks on this screen. 

The exploring screen is a small disk with a half-model attached 
to it so the final projection is on a curved surface similar to the 
one photographed. The screen is carried on a mechanical 
transport which provides three linear and two angular motions. 
A carriage which spans the width of the room rides on longitudinal 
overhead rails. On this carriage is a pair of transverse rails on 
which travels a smaller carriage. Both carriages have rack- 
and-pinion drives. A pair of vertical guide tubes with a screw 
drive are suspended from the transverse carriage. These are 
arranged so they can be rotated in azimuth to provide one of 
the two angular motions. The other angular motion is ob- 
tained by rotation of the circular screen in its own plane. Selsyn 
repeaters and mechanical counters are used as position indicators 
to transmit the information to the operator’s desk. Fig. 42 
shows the data-analyzing equipment. It is planned to add 
another set of selsyn repeaters to operate recording pens at a 
plotting table where the three co-ordinates and two angles will 
be plotted against time. 


CONCLUSIONS 

In addition to the major pieces of equipment just described, the 
laboratory has available considerable auxiliary equipment which 
measurably widens the scope of work that can be undertaken. 
Three service facilities are also deserving of mention since they 
are of great utility to all of the laboratory research programs. 
These are the electronics laboratory, a photographic laboratory 
capable of processing both still and 16- and 35-mm film, and a 
precision instrument and model shop. 

It is quite clear from the foregoing description that the funda- 
mental interest of the laboratory is in basic research over a rather 
wide section of the field of hydrodynamics. At the same time 
the equipment is well adapted to yield accurate information on 
the characteristics of specific devices or machines. Much of 
the major equipment has been put into operation quite recently. 
Therefore it is hoped that this description of the laboratory will 
prove to be only the introduction to a series of studies in the 
field of hydrodynamics that will be referred by the laboratory 
to the engineering profession. 


Hydraulic Problems in Connection With the 
Design of the Granby Pumping Plant 


By E. B. MOSES,! DENVER, COLO. 


Many unusual problems arose in the design of the 
Granby pumping plant which delivers water across the 
Continental Divide in Colorado. Owing to the 94-ft varia- 
tion in suction head, the pumps are located far below 
ground level. A design for a subterranean plant with a 
cross section based upon the hydrostatic arch is analyzed. 
Because of limitation to voltage fluctuation when starting 
up, imposed by a comparatively small power supply, sev- 
eral methods of bringing the unit up to synchronous speed 
were studied. The final design comprises a discharge 
valve which is closed when starting, equipment for de- 
pressing the water below the runner when starting at re- 
duced voltage or when using the unit as a synchronous 
condenser, a surge tank and a siphon at the upstream 
end of the discharge conduit. An air vent at top of the 
siphon is provided to stop reverse flow, and an automatic 
vacuum pump removes accumulation of air in the siphon. 


INTRODUCTION 


unusual problems which were investigated during the de- 

sign of the Granby pumping plant now being built for the 
Colorado - Big Thompson project by the United States Depart- 
ment of Interior, Bureau of Reclamation. 


L IS the purpose of this paper to discuss several new and 


This plant is located near Granby Reservoir, 8 miles north of ° 


Granby, Colo., on the western slope of the Rocky Mountains. 
Water from the upper Colorado River and its tributaries will be 
stored in the reservoir during periods of high run-off. From the 
reservoir the plant will pump water up to Shadow Mountain and 
‘Grand Lakes which are joined by a short channel, and from 
Grand Lake it will run by gravity through the Alva B. Adams 
tunnel under the Continental Divide to the eastern slope of the 
Rocky Mountains where it will be used both for irrigation and 
power purposes. 
shown in Fig. 1. 

There will be a 94-ft variation of water level in Granby Reser- 
voir, from a maximum elevation of 8280 ft to a minimum eleva- 
tion of 8186 ft. In the plant there are three vertical-shaft 
centrifugal single-stage pumps, each with a capacity of 200 cfs at 
the maximum pumping head of 186 ft. They are connected 
through flange couplings to 6000-hp 327-rpm 6600-v 3-phase 
_ 60-cycle synchronous motors. The suction line to each pump 
runs from a concrete intake structure located at a low point in 
the reservoir and consists of 87-in-ID concrete pipes each ap- 
proximately 570 ft long. 


DETERMINATION OF Pump SETTING 


Because of the large fluctuation of inlet head, the long suction 
pipe, and the low barometric pressure at the 8180-ft altitude, it 
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A plan and profile of the pumping plant are — 


was necessary that the pump be installed well below the minimum 
reservoir level so as to insure freedom from cavitation through- 
out the wide range of head and discharge. 

At the time of designing the plant, cavitation tests for this 
particular design of pump were not available. Sigma curves for 
the preliminary model of the Grand Coulee pump were studied 
and a minimum value of 0.112 for sigma was established. Then, 
since 


_ Total inlet head above vapor pressure 


Net head across pump 
or = 


then 
Total suction head, h, = oH + H,, — H, 


or using prototype values as follows: 


In feet 
Masamumistationheadasstnern stn raeeet eects = 185.00 
Total suction plus velocity head (for 87-in. inlet 

ANGKGISCHALZOIINES) ere cen Fea ar marae = 4.00 

Motalsheadsactosss pimp y i seem merle eee = 189.00 

CLE VV AZEXK ASO ter tans a INE sis Ae oeaiene = | 21°16 

Vapor pressure, Hop (at 70 deg P).....:. sc... = 0.84 

22.00 

Less barometric head, Ha (at elevation 8150)....... = —25.04 

Net suction head.............. Nee As ol ckeae oR ese = — 8.04 
‘ V2 

Velocity head at eye, s (at; 200KCis) baer ine = 4.20 
: g 

Total losses, trash rack to eye, Hy, (at 200 cfs)...... = 1.40 


Minimum static head above impeller crown re- 


DUM Dee entre i RaEOne, © pal arnisicuseeeeacert Sone aren 0.58 
Minimum submergence required................. = 3.14 
Minimum reservoir elevation.................... = 8186.00 
Centemline: ofpumip soem eeaeceee bee ae oe = 8180.00 
Actualesubimergences6)..aas ete sorte cele ne mrtnaee = 6.00 


From subsequent tests on the homologous model with a dis- 
charge corresponding to 200 cfs, a safe value for ¢ = 0.10 was ob- 
tained, while with a discharge of 270 cfs, corresponding to a head 
of 152 ft, o = 0.20. These safe values of o are based upon a 
permissible drop in efficiency of 1/2 per cent. The corresponding 
values of o in the plant were found to be 0.16 and 0.44, respec- 
tively, under these conditions, values sufficiently above the mini- 
mums to insure freedom from cavitation at the two extremes of 
normal operation. 


SUBTERRANEAN PLAnt Design Using Hyprostatic ArcH 


Due to topographic conditions and the setting of the pump be- 
low minimum reservoir level, the center of the pump is about 
107 ft below the level of the surrounding ground. 

Several designs for a subterranean station were investigated, 
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Note — All loads in Kips 

Weight of arch neglected (shell without thickness) 
Arch designed for and subjected to on external 

hydrostatic pressure of 60.0’ above crown (ho). 
Arch ring divided into voussoirs + 60' long 


Fie. 2 Anatysis or Hyprostatic Arco; Arcu SHELL 


resistance — 


(A) 


Note - All loads in Kips. Weight of reinforced 
concrete 150 Ibs./cu ft. External pressures from 
woter 112'-O" above bose of section. Buoyancy 
taken on bottom straight section. Loads “P” * 
are resultonts of hydrostatic pressure and deod 
weight, Length of voussoirs = K/t*, where t= 
thickness of arch ring. Centerline of arch ring 
is same as shell of orch ring in Fig. 2. 


Fig. 3 Anatysis or Hyprostatic ArRcH; CoNCRETE ARCH 


the most interesting one being based on the principle of the hy- 
drostatic spheroid and arch, the cross section of the station being 
that of a bubble or drop of water at rest on a flat surface, Fig. 
2(A). 

Figs. 2 and 8 are illustrative of the methods of designing a 
hydrostatic arch. In Figs. 2(A) and 15(C) the arch shape is 
determined from the formula 


H? — ho? 


r= 
; 4h 


where 


H = hydrostatic head from surface of water level to base or 
invert of arch ring 


ho = hydrostatic head from surface of water level to crown 
of.arch ring 
r, = radius of curvature of membrane at depth h; below sur- 


face of water level 


In this example, the arch has been divided into zones of 4-f¢ 


TRANSACTIONS OF THE ASME 


462 


height and 7, 72, etc., calculated for the center of each zone. The 
dead weight of arch was neglected, the radial loads being those 
due to hydrostatic pressure only. The buoyancy or uplift is 
assumed to be taken by tie-down forces acting along the tangent 
at the base. The various stresses in the arch ring were analyzed 
by using the well-known method of analyzing concrete sewer 
sections by the elastic theory.?. In this method, the moment 
and thrust at crown are computed, then the force diagram, Fig. 
2(B), is plotted using the horizontal and vertical components of 
each applied load (Pi, ete.). The direction of these individual 
resultants (Rj, etc.) ‘are then transferred back to the section 
layout, Fig. 2(A), starting at the crown; then the offset zo = 
—0.136 ft is found by the formula a = Mo/Ho, using the pre- 
viously obtained moment and horizontal thrust at the crown. 
The negative sign indicates that 2 is to be laid off inside the center 
line of the arch ring. -The directions of these resultants as they 
intersect their corresponding applied loads gives the “line of re- 
sistance.’”’ The closer this line of resistance is to the center line 
of the arch ring the less the bending moment. In this example 
the bending moment should be zero throughout but due to slight 
graphical errors and to using a finite number of radii in construct- 
ing the arch, the line of resistance departs slightly from the arch 
ring. It is to be noted that the shear is also zero and that the 
thrust (R, etc.) is constant throughout the arch ring. 

Thus it is seen that for the example analyzed in Fig. 2, with an 
arch section 50 ft high, with a hydrostatic head of 110 ft above 
the base, that the ring, without dead weight, would merely have 
to resist a constant thrust of 132,000 lb per ft of width, the mo- 
ment and shear being zero. 

The example, analyzed in Fig. 3, uses for the center line of the 
arch ring the same shape as that developed in Fig. 2, but with a 
concrete arch ring tapering from 2 ft thick at the crown to 4 ft 
thick at the start of the tangent of the base section. The ring 
has been divided into voussoirs of lengths proportional to the 
moments of inertia of their cross sections about the center line of 
the arch ring, or dl/I is constant. The radial hydrostatic forces 
acting on the extrados are combined with the dead weight of the 
concrete, the resultant loads being assumed as acting at the center 
of the voussoirs. The hydrostatic head, as before, is taken as 
110 ft above the center line of the arch ring at the base. The 
line of resistance departs somewhat from the center line of 
the ring, indicating small negative moments at midportion of the 
ring and large positive moments in the invert, the moment at 
the crown being very small. Again, the thrust is nearly constant 
throughout, and the shear values low, as shown by the semi- 
circular form of the force diagram, Fig. 3(B). 


Hyprostatic ArcH UNDER VARYING Heap 


The effect of a varying head on the moments at the crown, 
horizontal center line, and invert are shown by the corresponding 
influence lines in Fig. 4. For the designed head, the moments 
vary from +270,000 ft-lb to —285,000 ft-lb, while, with no 
external hydrostatic load, the moment reaches a maximum of 
+540,000 ft-lb at the invert, which is due to the dead weight only. 

Fig. 5 shows the application of the hydrostatic arch to the de- 
sign of a subterranean pumping station. The arch is built in a 
cave cut from the self-supporting rock and backfilled with loose 
material. Thus the arch ring has to withstand only the hydro- 
static pressures due to percolation and the dead weight of the 
backfill and of the concrete ring. A gantry crane serves all the 
machinery; access to the plant is by an elevator shaft not shown. 
The plant is sufficiently long to accommodate the three units, 


2 “American Sewerage Practice,” by L. Metcalf and H. P. Eddy, 
McGraw Hill Book Company, New York, N. Y., vol. 1, 1928, pp. 
491-501. 


JULY, 1948 


H=112.0. ———— 


H= 53,0}= 


H- 0 ma he? Te +5 44 43 42 +1 0 -| -2 -3 
Invert &----".--23, 5l-ym 
vert = IEEE BENDING MOMENT 


Upliff due to buoyancy } 100,000 ft. Ibs. 


taken on this section-~ 


Influence diagram showing change in bending moments 
at crown, horizontal centerline and invert for varying 
depths of submergence. 


Fie. 4 Awnanysis or Hyprostatic ArcH; INFLUENCE DIAGRAM 
RAR WHO SOOO 

RAS oe Se Vaca Self-supporti 

. KAO Sete 


=e 
~ 


\ ALTAR 


—_ 


: jj 
NULL 


\ SS 


Fie. 5 A Proposmp SusTERRANEAN Pumpine PLantr 


the ends being of semidome shape of the same curvature as the 
arch ring. 

For a given condition of exterior loading, it was found that a 
considerable saving in concrete and reinforcement over that re- 


_ quired in a conventional arch could be obtained. But since the 


assumed conditions of exterior loading could not be controlled in 
practice, this design was abandoned in favor of an open concrete 
shaft having a rectangular central section and semicircular ends 
with massive exterior buttresses and interior cross-walls for = 
sisting the external hydrostatic and earth pressures. 


Step-By-Step Moror Starting 


_The three Granby pumps discharge through 87-in-ID steel 
pipes which branch into a single 11-ft-ID concrete conduit that 
carries the water up to the canal flowing into Shadow Mountain 
Lake. The total length of the discharge line from pump to canal 
iS approximately 3500 ft. Originally it was planned to omit 
the shutoff valves at the pump, and studies were made to deter- 
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mine the necessary starting characteristics for the motor and its 
control while the pump was accelerating and seas up the head. 
of water in the long pipe line. 

An example of this type of calculation will be given, as it is 
believed that this method is an original approach to the problem, 
in which the head, discharge, power, speed, and efficiency are all 
variables at any instant of the starting period. To make use of 
this method, a pump characteristic diagram is required which will 
show the relationship of these several variables. Since one for 
the particular design used at Granby was not available, a diagram 
constructed from test data on model pump of quite similar type 
was used and is shown in Fig. 6. Since this curve has its various 


7 
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BEARING 


variables, head, discharge, torque, and speed, based on percent- 
ages of the corresponding values at the 100 per cent or rated oper- 
ating point, values for the Granby pump could be readily caleu- 
lated for any assumed condition during the accelerating period. 
In this example the motor torque is increased in uniform steps 
of 10 per cent up to a maximum of 110 per cent of normal, this 
upper value being used to provide a sufficient margin to insure 
prompt synchronization. It was assumed that the torque re- 
quired to break away the unit from the static friction of rest would 
be 25 per cent of full-load torque so that the motor would not 
start to move until the 30 per cent torque step had been applied. 

A “reservoir curve” for the discharge pipe was then plotted 
which gave its capacity in cubic feet, in relation to the elévation 
of the water surface in the pipe line. This curve was used in de- 
termining the head on the pump for each increment of time 
during the starting period. An example of the calculations is 
given in Table 1. The method in brief is as follows: 

The pump is accelerated during a given time interval é;, up to a 
new speed N, and from Fig. 6,* the corresponding percentages of 
head, per cent H; of discharge per cent Q; and of torque per cent 
T, are read. Fig. 7 gives the total friction and windage losses of 
the unit in kilowatts for the full range of speeds. From this curve 
the friction plus windage torque 7’, can be found, and this added 
to the torque required for‘pumping 7’,, gives the total required 
torque 7’,, for that time interval, or 


TAP eels 
The difference between the applied motor torque 7’, as deter-— 


mined by the controller, and the required torque 7’,, is that availa- 
ble for acceleration 7’,, or 


P= le 
The acceleration so produced is 


dn : 308 
aia oS eps 


expressed in (rpm/sec), from which the new speed at the start 


3 “Centrifugal Pump Performance as Affected by Design Fea- 
tures,’’ by R. T. Knapp, Trans. ASME, vol. 63, 1941, Fig. 15, p. 258. 
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MOSES—HYDRAULIC PROBLEMS IN DESIGN OF GRANBY PUMPING PLANT 


of the next time intervalt;, is obtained. This process is continued 
until the required torque equals the applied motor torque, or a 
T,,, at which time acceleration will cease and the controller must 
move up to a new step, increasing 7’,, by a predetermined amount, 
in this example by 10 per cent. 

The data given in Table 1 have been plotted in Fig. 8 where 
per cent torque versus time in seconds is given in the upper set 
of curves. Here it is shown that the pump starts 20 sec after 
the controller closes the circuit, the torque having risen to 30 per 
cent in three equal increments of 10 per cent each, and has pulled 
into synchronism 74.5 sec after the beginning of the starting se- 
quence, or 54.5 sec after breakaway. 

In the lower set of curves the per cent of head, discharge, and 
speed are plotted against time. In these curves, the values of 
H, Q, N, and 7’ at any instant were obtained by starting at the 
origin of the pump characteristic, Fig. 6, and proceeding along a 
smooth curve to the 100 per cent point, as indicated by the heavy 
dotted line, and assuming points by trial and error which satisfy 
the available head, torque, and speed; remembering that the 
head produced by the pump must always equal or exceed 
the static head of water in the pipe line at that instant; that the 
torque must not exceed the motor torque T',,, for that given 
step; and that the speed is in agreement with that found by the 
summation of the previous accelerations. 


SrarTiIne By ImputsE WaTeR WHEEL 


One method proposed for starting the unit with a minimum of 
line disturbance is shown in Fig. 9. The unit would be brought 
up to synchronous speed by means of a small impulse water 
wheel mounted directly on the main shaft under the motor. 
Four 7/s-in-diam jets, discharging under a pressure of 300 psi, 
impinge on the buckets of an enclosed Pelton wheel, developing 
up to 165 hp at the normal speed of 327 rpm, which should pro- 
duce ample torque to bring the unit up to synchronism if the 
impeller were unwatered by compressed air. The high-pressure 
water for the jets would be supplied by a 400-psi 1260-gpm boiler 
feed pump, and the discharge from the water wheel led to the 
station sump, from whence it would be removed by the regular 
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sump pump. Speed control during the period of synchroniza-~ 
tion would be by throttling the high-pressure supply, and by the 
use of the regular service air brakes. . 

The characteristic of an impulse wheel gives the maximum 
torque at zero speed; however, the breakaway torque of the 
unit would be kept down to a reasonable value by introducing 
pressure oil under the collar of the motor thrust bearing in suffi- 
cient amount to float the rotating parts on an oil film. 


STARTING Tests ON MopEet Pump 


In order to obtain data‘ for various methods of starting and 
stopping the pumping unit, an 8-in. motor-driven vertical pump- 
ing unit was set up in the hydraulic laboratory with the various 
valves and pressure-indicating devices as shown in Figs. 10 and 
11. This pump, while not homologous with the Granby unit, 
was of a sufficiently similar type; and the ‘‘model” scale was 
1:6.3 based on impeller diameters. Pressure cells, PC-1 to 
PC-6, operating on the principle of a Wheatstone bridge, were 
connected to an oscillograph to record the fluctuations of pres- 
sure in the suction and discharge lines. Photographic oscillo- 
graph records of several tests have been replotted to a common 
scale in Figs. 12 and 13. The input to the motor in amperes is 
also shown, taken from the oscillograph record, but is not a re- 
liable indication of the power required owing to the changes in 
power factor for various loads on the induction motor. 

The first series of tests were conducted with the setup shown 
in Fig. 10. To test out the impulse-starting scheme, a 3/1¢-in. 
brass plate was attached to the top of the impeller and 30 buckets 
cut at a 20-deg angle by a 1/,-in. X 1!/2-in-diam key-seat cutter, 
Fig. 14. Four 1/,-in-diam jets of water were arranged to im- 
pinge along the inner curve of the buckets as shown. A series of 
tests were run with the discharge valve closed, 9-ft positive suc- 
tion head in the tank reservoir, and pressure varying from 35 to 
100 psi in the line supplying the jets. It was found that a mini- 
mum of about 60 psi was required to bring the unit up to 900 rpm 


4 From the USBR, Hydraulic Laboratory Reports Nos. 113 and 
150. 
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synchronous speed. The 2-in. by-pass had to be nearly wide 
open to take care of the discharge from the jets. 

Tests were made with the buckets in place and also with 
buckets filled with type metal. It was found that this design 
of bucket resulted in an over-all loss of efficiency of about 4 per 
cent, this considerable loss being largely due to the effect of 
water being circulated in the buckets themselves, similar to the 
action of the liquid in the “fluid drive” or hydraulic coupling. 
It it evident that any such design wherein the buckets are re- 
volving in water during the normal operation of the pump would 
result in excessive losses in the prototype. However, the design 
indicated in Fig. 9, wherein the buckets revolve in air, would be 
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entirely feasible, as the loss on the: prototype due to air drag as 
computed would not exceed 1 kw or 0.02 per cent. 

A second series of tests were conducted with the setup in Hig ie 
In this arrangement, a booster pump was connected to the suc- 
tion pipe to give the required higher inlet head which could not 
be obtained with the tank reservoir, an intake valve added, and 
the air admitted to the suction pipe me oF to the dischins ge 
pipe. 

Various tests were made and oscillograph records obtained (1) 
with the discharge valve open and with the throttling by intake 
valve, both with and without aeration or admitting air to the 
suction side; and (2) with the intake open and throttling by the 
discharge valve, air being admitted to suction side of the pump. 
In (1) severe surges and cavitation occurred during both the 
starting and stopping periods, which proved this method of opera- 
tion unsuitable for the prototype. The method of pump 
operation adopted is based on (2) and is illustrated in Figs. 12 
and 13, with the intake valve open, by-pass open, with aeration 
(suction vent open), and throttling by the discharge valve. 

In the starting cycle, Fig. 12, the pump is started with the 
discharge valve closed and water depressed below the level of the 
impeller by compressed air. The air is then exhausted and, when 
the case is nearly free of air, the pump suddenly primes and shut- 
off head conditions are reached. As the discharge valve is opened, 
flow is established and the head drops to normal. In the stopping 
cycle, Fig. 13, the discharge valve, as it nears closure, builds up 
the head to shutoff conditions, then as compressed air is ad- 
mitted to the suction tube, the head drops. When the level has 
reached the bottom of the impeller and the net pumping head is 
approximately zero, the motor is disengaged. : 

It is seen that in this final scheme of operation, Figs. 12 and 
13, there are no severe surges, the heads gradually building up or 
dropping, and that they are always positive. For this reason 
this method will be adopted in the prototype installation, 
as it will reduce power surges as well as the likelihood of 
cavitation. 
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OPERATION OF Pumps aT GRANBY 


Since other considerations led to the adoption of a butterfly 
valve in both the suction and discharge passages of each pump, 
Fig. 1, the methods described of impulse water-wheel starting 
and step-by-step electric-controller starting were not used. 

Ordinarily, the Granby plant will be connected to the power 
system on the eastern slope of the Rockies through a 115-kv 
transmission line. This line extends over much mountainous 
country, crossing the Continental Divide by way of the 11,700- 
ft Buchanan Pass, and, as outages due to storms, slides, etc., are 
likely to occur, the pumping plant has been designed so that the 
pumps can be started on the power from the Green Mountain 
plant which is located on the western slope. The two 12,000-kva 
units in this plant are connected through a 69-kv line, 45 miles 
long, to the Granby plant. When the line over the Continental 
Divide is out of service, the pumps would be started at reduced 
voltage with impellers unwatered by compressed air, the dis- 
charge butterfly valve and 8-in. by-pass both being closed. 
The pumps having been brought up to speed on Green Mountain 
power, water is then admitted to the impeller and normal opera- 
tion is established. With this method, a minimum of disturb- 
ance would occur on the comparatively low-capacity Green 
Mountain system. 

In starting from the main power system of the eastern slope 
full voltage will be used, the discharge butterfly valve will be 
closed and the pump will be. full of water. The 8-in. by-pass 
valve will be open to allow sufficient water to circulate for cooling 
the pump. Under these shutoff conditions, the pump will re- 
quire about 50 per cent of normal full-load power. 

It may be noted here that the pump unit may be used as a 
synchronous condenser when the impeller is unwatered. The 
butterfly valve in the suction pipe is closed only when unwatering 
the pump for inspection and repair, since the placing of bulkhead 
gates at the intake structure is involved except at the lowest 
reservoir levels. * \ 


ConTROL oF Pumpine Unit 


The pumping unit may be controlled from two stations, one on 
the floor at ground level at elevation 8287.50, the other on the 


pump floor below at elevation 8186.25 ft. The starting procedure 


is divided into two parts, as follows: 


e 

1 Putting auxiliary equipment into operation. This includes 
guide-bearing oil pump, thrust-bearing oil pump, opening valve 
for supplying water to motor cooler and thrust-bearing cooler, 
and opening valve to pump gland seal and pump guide-bearing 
cooler. 

2 Starting the motors through automatic-control switch gear 
which includes field-application equipment in cubicles adjacent 
to the motors. 


For normal or full-voltage starting, after the motor is syn- 
chronized, a control switch is operated which opens the butter- 
fly discharge valve while simultaneously’ closing the by-pass 
valve. 

For aitelcnine: starting, the same procedure is followed, 
except that, in addition to the operation of the foregoing auxilia- 
ries, cooling water is admitted to the seal rings, the air vent to the 
pump casing is closed, and air is admitted to the casing to de- 
press the water surface below the impeller to a level determined 
by an automatic float switch. 

After the motor has been synchronized at reduced voltage, 
open-circuit transition to full voltage will be effected. When the 
motor is on the line, the casing air vent is opened and the pump is 
allowed to fill with water when normal pumping will be estab- 
lished by opening the butterfly discharge valve and closing the 
by-pass valve. 

Table 2 shows the estimated torques required by the pump, 
based on 6000-hp maximum motor output at 327 rpm. 
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TABLE 2 TORQUE REQUIREMENTS OF PUMPING UNIT 


Torque 
ft-lb Kva Notes 
Full load, normal pumping..... 96400 4920 (0.95 power factor) 
Shut: off, impeller  sub- 
MCTLEU er ete ens cee 49000 2410 (0.95 power factor) 
Breakaway, thrust bearing 
Ol TmMETSEd. ...cbraw olen ates 11580 29400 (Inrush power—full 
voltage) 
Breakaway, thrust bearing 
Oulimimersed |..co.2-20e. cress sues 11580 4000 (Inrush power—38.6 
per cent voltage) 
Breakaway, thrust bearing 
supported on oil film........ 4800 29400 (inrush power—full 
; voltage) 
Breakaway, thrust bearing 
supported on oil film........ 4800 4000 (Inrush power—38.6 
per cent voltage) 
Unit motoring at synchron- 
ous speed, impeller un- 
WAUCLOR.hesleuecna.c a ane teaiers cenans 1230 EY ite ene YW ateccRane 


SurGE Tank AND DISCHARGE VALVES 


A 25-ft-diam plate-steel surge tank is connected to the 11-ft- 
diam discharge conduit at its lower end near the triple branch 
connection from the pumps. The top of the tank is at elevation 
8393 or about 106 ft above the ground line, or 24 ft above the 
siphon invert. The bottom of the cylindrical portion of the tank 
is at elevation 8336, below which is a hemispherical head, 36.5 ft 
above the ground. A 5.25-ft-diam riser connects the hemi- 
spherical tank bottom to the discharge conduit and is designed 
to give a 50-ft head loss with a flow of 1000 cfs into or out of 
the surge tank. 

With three pumps running, the maximum change in water 
level in the surge tank caused by the emergency closure of all 
three butterfly valves has been calculated and is given in Table 3. 

The 76-in. butterfly diseharge valves are operated by hydraulic 
servomotors which receive oil from a central oil-pressure system, 
located at one end of the building. The valves are designed for 
a full 90-deg opening or closing movement to be made in 24 sec 
under normal conditions of operation. The control mechanism 
consists of a governor-type four-way piston valve with solenoid- 
operated pilot valve. A second solenoid for emergency shut- 
down will operate to close the 76-in. butterfly valve at a faster 
rate, causing the first 67.5 deg of closing movement in 4 sec and the 
final 22.5 deg of closure in 6 sec, or the total closure in 10 sec. 


This emergency operation would be initiated by failure of power 
supply to the main-pump motor. 

The design of the butterfly-valve control mechanisms follows 
closely that of the conventional gate-shaft governor for hydraulic 
turbines. These control mechanisms were purchased separately 
from the butterfly valves, and this selection permitted the use 
of fully developed manual and automatic controls and mecha- 
nisms for operation of the discharge valves in the same manner as 
for hydraulic turbines. This is particularly advantageous at 
Granby since some of the pumping will be done at short intervals 
each day to utilize off-peak secondary power. Also, the starting 
and stopping sequences should be as nearly automatic as good 
design will permit. The plant will be operated as a comprehen- 
sive unit of the power system by operators who are trained to 
handle hydraulic-power-plant equipment. 


TABLE 3 PeESSUR Eee DURING EMERGENCY 


HUTDOWN 
Reservoir Butterfly Downsurge Upsurge 
elevation, valve below above 
ft operative static, ft static, ft 
8280 Yes 26.6 14.3 
8280 No 30.3 beer 
8186 Yes 20.1 12.2 
8186 Noé@ 28.2 15.9 


2 In order to obtain the maximum upsurge when the butterfly valves 
fail to close at the prescribed time (10 sec), it was assumed that the effective 
closure would occur at approximately 34 sec after power failure when the 
water-surface elevation in the surge tank had reached a minimum value. 


DISCHARGE SIPHON 


_ The outlet from the 11-ft-diam conduit consists of a concrete 
siphon with crest of invert at elevation 8369 ft, the water surface 
in the canal to Shadow Mountain Lake being at elevation 8368.39 
ft. The siphon is of circular cross section of the same diameter 
as the conduit and is essentially a 35-deg elbow with radius of 
curvature equal to 33 ft or 3 pipe diam. The upstream leg is 
turned into a horizontal direction with transition to a square sec- 
tion as it enters the canal. 

To insure rapid breaking of the water column when the pump 
stops, an automatic type of air vent is provided at the top of the 
siphon. The control is arranged to insure prompt opening of the 
air valve under emergency conditions of power failure. A small 
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vacuum pump, controlled by a float in a separate float well, is 
used to remove the air pocket at the top of the siphon and to in- 
sure the siphon operating full at all times and at its best efficiency. 
The air-vent valve, vacuum pump, and float control are pro- 
tected from the weather by a suitable metal cover. 

The use of the automatically closing butterfly discharge 
valve, and siphon with automatically operated air vent, should 
prevent the emptying of the long discharge conduit when power 
to pump is cut off, and also eliminate the attendant high reverse- 
speed rotation of the pump as well as the necessity for refilling the 
long conduit after each shutdown. 


CONCLUSIONS 


A number of preliminary investigations have been described, 
from which the final designs of the Granby pumping plant and 
equipment were evaluated. From these investigations the follow- 
ing principal conclusions may be deduced: 


1 A design for the subterranean plant based on the hydro- 
static arch would effect a substantial saving in amount of rein- 
forced concrete but could not be used at Granby owing to the 
variable external loads with resulting high bending stresses in the 
membrane. i . 

2 Several satisfactory methods of starting the pump motors 
with a view to keeping the attendant transmission-line disturb- 
ance to a minimum are feasible. The use of supplemental model 
tests to investigate the power required, together with the re- 
sulting hydraulic pressure surges when starting the pump under 
various combinations of suction and discharge-valve openings 
and of air admissions, is an essential adjunct to developing fully 
the electrical requirements of the power-supply system. 

3 From actual experiments conducted and from related 
investigations, it was established that normal operation could be 
accomplished by starting under shutoff conditions with full 
voltage; and for emergency operation on the limited-capacity 
system, starting at reduced voltage, with the pump impeller un- 
watered, would be required. ; 

4 A surge tank on the discharge conduit, together with the 
automatically controlled butterfly discharge valve, will limit 
pressure fluctuations in the hydraulic system to a safe value dur- 
ing normal shutdown ‘or at times of power failure. A siphon 
with automatic air valve gives additional protection against re- 
verse flow with the resulting overspeed of the unit should the dis- 
charge valve fail to close promptly. 

5 The use of appropriate apparatus to accomplish desired 
methods of operation such as gate-shaft type of servomotors for 
operating the disks of the butterfly valves; applying oil under 
pressure to the thrust shoes of the motor bearings to separate the 
metal surfaces prior to starting the unit, the use of compressed air 
in reducing starting torque, and so forth, is economically feasible. 
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Discussion 


J. N. Brapiey.’ One of the tests on the model pump, which 
' was made to exploit every possibility even though it appeared to 
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be a questionable solution, brings to light another significant point 
which is worth attention. There is a tendency at times to stress 
economy of design to the point where it interferes with the basic 
principles of good hydraulic design. This is especially true in 
the case of closed-conduit structures in which a favorite remedy 
for an inadequate design is the makeshift addition of air vents 
or breather pipes at points along the conduit where subatmos- 
pheric pressures prevail. This practice often does not result 
in satisfactory solutions, as this discussion is intended to show. 
Carefully planned air vents in adequate designs serve a useful 
purpose, but their indiscriminate use in inadequate structures 
may prove quite disappointing. 

Fig. 16 of this discussion shows portions of an oscillograph 
record from the model tests on the Granby pumps, during which 
throttling was accomplished by a gate valve on the suction side 
of the pump. Record A shows instantaneous pressures and elec- 
tric current for the pump operating at 14 per cent valve open- 
ing. The pressures are quite steady at the points of measure- 
ment (pressure cells PC 4, 5, and 6) and the current to the motor 
is uniform, but PC 5 shows a negative pressure amounting to 
24 ft of water in the model. Most certainly, this would result 
in cavitation in the prototype. 

An air vent was installed in the suction line between the valve 
and the pump to relieve the low pressure in this region. The os- 
cillogram B depicts the results for valve openings from 5 to 30 
per cent. The air vent increased the pressure at P.C. 5 approxi- 
mately to that of the atmosphere, as was the intention, but the 
pressure at PC 6, on the discharge side of the pump, has an 
oscillatory characteristic which varies from 5.5 to 25 ft of water. 
The pressure surges in the discharge line are evidenced by cor- 
responding oscillations in the power utilized by the pump motor. 
The surge in current which varies from 25 to 40 is indicative of 
the power surges, because the power factor was near unity in this 
case. As the power and pressure surges are in phase in record B, 
this could result in a self-sustaining oscillation which could be 
stopped only by complete shutdown of the pimp. 

The practice of venting to relieve the condition, unnecessarily 
produced by low subatmospheric pressures, merely complicates 
this problem, as a mixture of air and water can be an unstable 
fluid, and the pressures throughout such a fluid are as unstable as 
the fluid itself. ; 

In the case of the Granby pumps, where surges in pressure 
directly affect the power requirements of the motors, neither 
cavitation nor venting could be tolerated. The solution to the 


problem was particularly simple in that throttling could be ac- ; 


complished with a valve on the discharge side of the pump, which 
eliminated all of these difficulties. 

This rather extreme example serves to illustrate the fact that 
air vents are not cure-alls for closed-conduit: pressure problems. 
When vents are used, carefuP consideration should be given to all 
possible effects that air might have on the flowing fluid. . 


F. M. Wison.® Additional features of the electrical equip- 
ment to be used at the Granby plant will be mentioned briefly. 

Reduced voltage for motor starting on the limited system, with 
the pump impeller unwatered, will be obtained by taps in the 
wye-connected low-voltage windings of the 3-phase transformers 
which supply the pump motors. Three taps will be provided 
in each low-voltage winding to give an approximate reduced 
range of from 30 to 50 per cent of normal voltage. The wye- 
connected windings will allow balanced voltages and currents 
for motor starting for whichever tap is determined by test in 
the field to be most suitable for the operating conditions. 

Although the main-pump motors will operate at 6.6 kv, the 
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high altitude of this installation will require motor-control 
switchgear rated at 15 kv. Provision is made in this switchgear 
to prevent the motors from being started in case the auxiliaries 
do not operate properly. To keep the motor-starting-torque 
requirements as low as possible, an oil film will be introduced 
by oil pressure between the bearing surfaces of the thrust 
bearing before a motor is started. 

Reduced-voltage starting of a unit will be initiated by a manu- 
ally operated control switch at either of two stations, which 
will close the reduced-voltage circuit-breaker in the switchgear, 
applying reduced voltage to the motor, which will start and ac- 
celerate to maximum subsynchronous speed as an induction 
motor, The motor will then be synchronized automatically at 
reduced voltage by the automatic application of excitation to the 
motor field at the optimum conditions of speed and rotor-pole 
angular displacement. The reduced-voltage circuit-breaker will 
then be opened automatically and the full-voltage circuit-breaker 
will be closed automatically to apply full voltage to the motor. 

The full-voltage starting sequence will be similar, except that 
the motor will be thrown on full voltage at the start, and no transi- 
tion will be required after synchronization. 

The control equipment will be so arranged that a motor will 
be automatically shut down by unit overspeed, excessive pump- 
casing water pressure, incomplete starting sequence, loss of 
motor-field excitation, loss of synchronism, and by operation 
of any of the following motor relays: Thermal overload, over- 
current, differential current, ground fault, and undervoltage. 
Carbon dioxide for extinguishing fire will be released automati- 
cally into the motor air housing upon operation of the motor 
differential-current or ground-fault relays. Automatic shut- 
down of a motor will close the discharge valve for that unit. 
For normal shutdown, the discharge valve will be closed before 
the motor is tripped off the line to minimize system disturbances. 
A’speed switch on the motor will apply compressed-air-operated 
brakes on the motor during the shutdown operation. 


kine.® 


THROTTLING ACCOMPLISHED WiTH INTAKE VALVE 


I. A. Wrnrer.? The principles of the hydrostatic spheroid 
and arch as described by the author in studies of a subterranean 
pumping plant have not had as wide application in engineering 
practice as appears to be warranted by the interesting results 
obtained in the Granby studies. 

The writer has found these principles to be of economic value 
in the design of large reinforced-concrete conduits up to 20 ft diam, 
and spheroids up to 200 ft diam for hydrostatic pressures not 
exceeding 100 ft. At higher heads, the true shape, as given by 
the formula, do not differ sufficiently from a circle or sphere to 
effect an appreciable saving in materials. 

A description of the hydrostatic arch has been given by Ran- 
The relation of surface tension and fluid pressure for 
spheroids is shown in Fig. 15 of the paper. By the theory of sur- 
face tension, there is a force on AD, tangential to the free surface 
of magnitude 7'(R,6,), where 7 is the surface tension of the 
liquid.® 

The writer has derived the simplified formula 


H? — ho? 


for the outline of the hydrostatic arch in terms of the radius at any 
point on the surface of the membrane. Derivation of the for- 
mula is illustrated in Fig. 15(B).. This formula will be found 
useful for quick geometrical construction of the figure for stress 
analysis by the foree-diagram method. In this derivation, the 
surface tension of the liquid is determined as a function of 
(1/2 wH?) —e(1/2 who), which is the total trapezoidal pressure 
normal to the vertical axis of the conduit. Since the surface 
tension of a liquid for a free unsupported form must be equal 
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top and bottom, the value T, is one half of the total internal 
pressure within the trapezoid or 


From this consideration it follows that the radius of curvature 


r, of the membrane at any point h, may be expressed in terms. 


of the surface tension 7’, as 
its SNL HORN oaoas on cm folote cet [3] 


Therefore rh, is a constant. The depth d of the conduit is 
H — ho, which is assumed for the basis of design. 

The agreement of the theoretical shape obtained by Equation 
[1], shown in Fig. 2 of the paper, with the force diagram for 
conditions without consideration of the weight of the membrane, 
in which there is only tensile stress, is excellent agreement in 
engineering procedure. 


AutHor’s CLosuRE 


Since the presentation of this paper it has been found possible 
to omit the surge tank on the pump-discharge line. This has re- 
sulted in a very substantial saving in cost since unsatisfactory 
rock conditions at the proposed site would have required a deep 
_and very expensive foundation for the surge tank. A larger WR? 
for the motor than was assumed in the original waterhammer 
calculations (actually it is close to that used in the acceleration 
study of Table 1) together with a new profile for the discharge 
pipe lowered to suit existing excavation, were factors which 
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contributed to the feasibility of eliminating the surge tank. 

When these changes were considered in the subsequent water- 
hammer investigations, it was shown that under the most severe 
conditions of emergency closure, the minimum momentary drop 
in pressure after power failure is 14 ft below atmospheric pressure, 
which at this altitude is 11 ft above absolute zero; consequently 
a pressure rise of the instantaneous type due to water-column 
separation will not occur if surge tank is omitted. 

The rate of closing and opening of the butterfly discharge valve 
has been decreased from‘that given in the paper. The water- 
hammer studies have been based on a closing cycle of the first 
75 per cent of angular movement in 12 sec and the final 25 per 
cent of movement in 30 sec or 42 sec for the complete 90 deg of 
movement. The opening cycle is made the exact reverse of this 
to minimize complications in the control apparatus. These 
opening and closing cycles apply to all conditions of operation, 
both normal and emergency. 

The author wishes to thank the discussers of this paper and 
appreciates the additional information and details of the tests 
and of the final design conveyed therein. The hydraulic prob- 
lems studied in the design of a large pumping plant, such as the 
Granby installation, are many and varied and the p-esent paper 
has attempted to outline briefly some of the more unusual ones. 
It may be mentioned in closing that the studies made in connec- 
tion with the operation of the unit as affected by the long dis- 
charge line and siphon have been of great value in connection 
“with the designs for the Grand Coulee and Tracy pumping plants, 
which are many times larger than the Granby plant, having pump 
motors rated at 65,000 hp and 22,500 hp respectively, in con- 
trast with the 6000 hp Granby motor. 


An Analysis of the Dynamic Forces in a 
Cam-Driven System _ 


By JOHN A. HRONES,! CAMBRIDGE, MASS. 


The influence of the mass, elasticity, and damping of a 
cam-driven system upon the magnitude and character 
of the forces imposed upon the cam are analyzed and dis- 
cussed from a general viewpoint. Actual solutions for the 
force-displacement characteristics of three widely used 
cam contours are carried out. 


HE cam is an important machine element, widely applied 

in machines of varied types. In Fig. 1 the basic com- 

ponents of the cam-follower mechanism are shown. The 
cam A rotates about a fixed axis at constant angular velocity. 
A follower B, is forced to movg in conformance with the shape 
of the cam with which it is always in mechanical contact. The 
function of the cam is to cause the follower to cyclically move 
through the distance L and to return to its initial position. In 
many cases the type of motion used to produce the desired am- 
plitude of motion of the follower is unimportant in terms of the 
desired output displacement, but in almost all cases the time 
function of x employed plays a tremendously important role-in 
the resulting forces produced and therefore greatly influences the 
life, smoothness of operation, and the permissible operating speed 
of the machine. ; 

In order to obtain the analytical results with which the be- 
havior of the cam-follower mechanism may be predicted, it is 
necessary to develop the geometric and kinematic properties of 
the system for a desired follower motion. 

A list of symbols used in the paper is given on page 481. 

In this paper the following assumptions will be made: 

1 The follower is positively driven by the cam. 

2 No backlash exists in the system. 

3 The driven output mass is large compared.to the other 
moving components of the cam-driven system. 

4 The cam rotates at constant angular speed. 


5 The cam contour is not changed by the forces which act ° 


upon it. 

6 Coulomb friction may be combined with viscous friction 
and the combined effects represented by an equivalent viscous 
damping. 

Let a, = ¢(t) be the desired follower motion for one half cycle 

eae et tet a aE ee [1] 


Then the radius vector from the center of rotation to the center 
of the follower roller at any time ¢ is 


r = [(yo + a)? + wl”? (See Fig 2).......... [2] 


where r = radius vector, in. 
yo = y co-ordinate to initial follower position, in. 
2) = zco-ordinate to line of motion of follower, in. 
R = radius of base circle, in. 


1 Associate Professor, Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. ASME. 

Contributed by the Machine Design Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tur AMERICAN SOCIETY OF MECHANICAL ENGINEERS, 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-46. 
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PITCH LINE OF CAM 


BASE CIRCLE 


Expanding Equation [2] and observing that R? = yo? + 20? the 


value of r is 
r = [R? + 2yor, + 2/1'7.............. 


The angular position of the cam (6) is given by 
6 = ob radius” \(@r= constant) e-e eee 


Therefore the function 2, may be rewritten as 
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wie NIG Te nS Soa ae (6) 
dt r dt 

in terms of 0 j 
COE Le eee i (7] 
dé r do 


DETERMINATION OF PRESSURE ANGLE 


Referring to Fig. 2, the pressure angle () is given by the fol- 


lowing relationship ~ . 


tan y, — tan v 
ral + tan y tan v 


tan V1 aE Det G Outi Oe, MAAR ONC OuOse Oe {10] 
. 20 
From Fig. 3 
dé 
tan y = ee T ees). S, [11] 
dr . 


Fie. 3 


By substitution of Equations [11] and [12] in Equation [10], 
we have 


By setting the derivative of tan ¢ with respect to @ equal to 
zero, the values of @ at which the pressure angle becomes a maxi- 
mum may be determined (Equation [13a]) 
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Set Equation [13] equal to zero 


dary : dity ; 4 day 
ye = — (yt — 2p!) (2 + Zor do 


Because of the complexity of Equation [13a] it is often more 
convenient to plot ¢ against 6 using Equation [12] and to deter- 
mine maximum values of the pressure angle from this plot. The 
maximum values of » may, in general, be graphically obtained 
from the cam layout. 


PROPERTIES OF THE CoMBINED Fo~LoweR-Ourput MEMBER 
: System 


The motion of the cam follower is used to impart motion to an 
output of finite mass. The follower may drive the output mem- 


Fie. 4 Cam-DrIvEN SysTEM 


ber directly or more commonly through a system of gears and 
levers. The follower is coupled to the output member by a 
relatively low mass, low inertia, and, in general, relatively stiff 
system. Fig. 4 shows a possible arrangement of such a system. 
This system is chosen as one of many to illustrate the text. It 


' will be observed that it in no way limits the applicability of the 


method to other systems. Generally the mass of the output 
member is very large relative to the follower and the components 
of the coupling system. Thus no appreciable error results by 
assuming the mass of all other elements of the system to be zero. 


Equivalent System Stiffness 


The equivalent system stiffness, K, is defined as the force 
required to deflect the follower one inch if the output member 
is rigidly held, the force being applied at the center of the roller 
and along the line of motion of the follower. 


Equivalent Mass of Driven Member 


M_is the equivalent mass of the driven member referred to the 
displacement xz. Its value in any given system is readily found 
by tracing the inertia force or torque back through the coupling ~ 
system to the reciprocating motion 2. 

To illustrate the procedure, the system shown in Fig. 4 will be 
treated in detail. Isolate the driven member (see Fig. 5). The 
dt? ° 
losses and mass of the coupling system, the power developed at 
D must be equal to that existing simultaneously at C. 


resultant torque acting upon it. is Neglecting friction 
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eS) 


but 


also 


therefore 


The system shown in Fig. 6 is therefore dynamically equivalent 
to the actual system providing M and K bear the values indi- 
cated in the foregoing. 

The force transmitted to the follower is the sum of the force 
developed in the equivalent spring K and the dashpot force. 
To determine the maximum cam load, it is therefore necessary 
to find this force as a function of the time for a given follower dis- 
placement x; = 9(t). 


FORCES ON THE CaM FOLLOWER 


The solid lines in Fig. 7 show the equivalent mass M and the 
follower at rest at the time ¢ = 0. At some time ¢ the positions 
are as indicated by the dotted outlines. 

A summation of the forces acting on mass WM yields the foilow- 
ing result 


or 

ax dx dx; 

jf == DiC) = IG Ny 

Ma eo ac) a = 7 

Where 6b is the equivalent viscous-damping factor between the 

follower and the output mass and c is the equivalent viscous- 

damping factor between the output mass and the frame. It is 

here assumed that the effect of static and viscous friction may be 

lumped together with sufficient accuracy and expressed in terms 
of viscous damping. 
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If Equation [14] is divided by M, the following result is ob- 
tained 


m7 dx dz, 
zai ae Brn pe 2 5 
de 3 2(¢ + &,) wn i + Ww, 2hon a = ott. «. LO) 


1/, 
K 
On = ey = undamped natural frequency of output mass 


b 
¢ = ——— = = damping ratio (follower) 
2\/KM 


= damping ratio (frame) 


c 

~ 24/KM 

Now, if Equation [15] is divided by w®,, and a change of variable 
introduced, the following simplified relation results 


Dr + 2¢ + ¢,)Dx + a = 2Da, + y........ [16] 


i SN (2); 
2 d(w,t) 7 w,/ dt 


Equation [16] is a linear differential equation of second order 
with constant coefficients which upon solution will give the dis- 
placement of the output mass for any follower motion. 

Tn operational form Equation [16] may be written 


a | 2eDieal ] 17] 
— D+2¢+¢)D+1 Ups ccsceces 
dam _ | w,D(2¢D + 1) ] 
ad LD?+2¢+¢)D+1 


The component of force acting on the cam follower in the 
z direction is 


where 


i dei, dx; 
p= Kem) +o(4—%) HOMIE OR. [19] 
! 
cx 
| Orem ew oe ee be ew -“~ 
! - { 
i —— ee 
-D | 


| 


\ 


b (x- x,) 


K eg Dah | 
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Substituting Equations [17] and [18] into Equation [19], we 

have 

D? + ( 2¢, + =) 45 

Fm aie pet (tet a) Pt ( cee f 
eo D? + 2¢ + ¢,) D+1 


Equation [20] is a general expression in operational form of 
the force on the cam follower. 
This may be reduced to the following form 


p+ (26.452) D+ & dr, 


op | ee SE Ee 21 
ee Mersey ye tary raa Gi a 

or 
Th Ee 4. @b DD or a} dats (22) 
AAO il NS CER a eae ae . 


The choice of a suitable follower acceleration-time charac- 
teristic is of great importance. A number of different functions 
are used. A few of the more widely used cam contours follow: 


1 Constant Acceleration or Gravity Cam. A cam which pro- 
duces a follower motion 


2 Harmonic Displacement Cam. A cam which produces a 


follower motion 


1 0 
ae 1 — cos AG) Nec ea {24] 
L 2 % 
3 Cycloidal Cam. A cam which produces a follower motion 
1/76 1 270 
a 1] 3s Sa ee [25] 
L us ca 2 % 


The velocity and acceleration characteristics of the follower 
for the foregoing displacement functions are shown in Table 1. 

Displacement, velocity, and acceleration curves of the fol- 
lower are plotted in Figs. 8 and 9. 

The follower of the constant acceleration cam has the lowest 
peak acceleration but starts off with a finite acceleration which 
remains constant until half lift position is reached where it sud- 
denly changes to the same negative value. A sudden change 
back to zero acceleration occurs at full lift position. 

The acceleration of the follower of the harmonic displacement 
cam starts off with its peak value and changes continuously 
passing through zero at half lift. At full lift, the acceleration 
undergoes a sudden change from its peak negative value to zero. 

The acceleration of the cycloidal cam changes continually from 
zero at the start of lift to zero at full lift exhibiting no sudden 
changes. Its peak value is higher than each of the peaks of the 
previously discussed cam contours. 


DETERMINATION OF CAM ForcEs FOR SPECIFIC Cam ConTOUR 


If the foregoing follower motions are inserted in Equations [18] 


TABLE 1 
ae Peel 


Pan) 
2s 


2h 
L 
Cycloidal 4 = 1 v5 5 sin n 2? 


cy 


Type of cam 


Constant acceleration 


Harmonic displacement 
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and [19], the solution of the resulting differential equations 
may readily be obtained. The results follow: 
For constant acceleration cam 


a) 


Substituting in Equation [22] gives the following result 


FOLLOWER CHARACTERISTICS 


Velocity Acceleration 
BR ee ne DY: : 
Loy B02 es = G 
A) Miele eA ares! nO 
Desi, 20s saute Llp? 2 3 (3). lena 
of 1 210 q, 3 0 
= [1-08 Tie 7 gain 


i asay 
(x dt (w ~ “ae 
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pla fi Ps + (46 + DD + al 
Ma, * D?+2¢+ ¢)D+1 


For harmonic displacement cam 


day a 200 


dt TO 


L kal 
a, a ia 
2 L % 
_ By substituting in Equation [22] we have 
F 6) [ 2¢D2 + (4¢¢, + ID +2 
BF Al ‘ (46. + 1)D + | (22) ost..127 


where 


Ma, 78 D?+ 2¢ + ¢,)D + 1 
where 
g= is 
By 


For cycloidal cam 


where 


. 2 
Gi oad (24) 
0, 


By substituting in Equation [22] the following results 


_ sf pee Ge DD:+ 2, E Le sie 
Ma, 6 D?+2¢+¢,) D+1 See 


Solutions to Equations [26], [27], and [28] have been carried 
out on the differential analyzer at M.I.T. for a selected number 
of values of the system constants shown in Tables 2, 3, and 4. 
The results are plotted in Figs 10 to 15 inclusive. 

The ratio of the force on the cam along the center line of the 
follower to the product of the equivalent output mass and the 
maximum acceleration of the follower is plotted against the ratio 
of cam displacement to the cam displacement required to pro- 
duce full lift. This product, Ma, is the maximum value F would 
reach if the motion of the equivalent mass was the same as the 
cam follower. This ratio is therefore a measure of the cam force 


amplification resulting from the spring-dashpot coupling between. 


the cam follower and the output. In each case the follower 
motion plotted occurs between two dwell periods. 


e Discussion oF RESULTS 


With no damping present the force F oscillates at the natural 
frequency (w,). In the case of the gravity cam the peak value of 


F 
the ratio Ma. during the first half of the follower motion is equal 
a, 


@ 
to two. Immediately after mid-position where the follower 
acceleration suddenly changes from a positive value to a negative 
one of equal magnitude a peak force ratio of three is reached. 
See Fig. 13. 3 

With a harmonic follower motion an oscillation of the same 
frequency occurs with a, peak value of two. See Fig. 14. 

With the cycloidal follower motion an oscillation of the same 
frequency but of much smaller amplitude occurs. The peak 
value of the force ratio is 1.06. See Fig. 15. 4 

As the damping ratio ¢, (damping between output mass and the 
frame) is increased the transient oscillation decreases rapidly 
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TABLE 2 GRAVITY CAM 
Run B ie te 60 
1 0.02 0.1 0.1 = 
2 0.02 0.1 0.3 
3 0.02 0.1 0.5 + 
4 0.02 ° 0.1 0.7 = 
5 0.02 0.1 1.0 aa 
TABLE 3 HARMONIC CAM 
Run B t fe 60 
1 0.02 ‘ pi 
0 0 0 7 
2 0.01 aut 
0 0 ; 
3 0.01 0.05 0.05 a 
4 0.01 0.05 0.1 oe 
5 0.01 0.05 0.2 ae 
6 0.01 0.05 0.3 a 
7 0.01 0.05 0.5 = 
8 0.01 0.05 0.7 == 
TABLE 4 CYCLOIDAL CAM 
Run B ¢ fe 00 
1 0.01 0.05 0 as 
0.01 0.05 0.05 oa 
3 0.01 0.05 0.1 ae 
4 0.01 0.05 0.2 =e 
5 0.01 0.05 0.3 = 
6 0.01 0.05 0.5 = 
7 0.01 0.05 Oy be 
TABLE 5 
F 
TYPE te Mas 
0 3 
0.1 6.5 
; 16.5 
GRAVITY 0.5 26.5 
0.7 36.5 
0.9 45.5 
0 2.474 
.05 4.32 
. 0.1 11.1 
HARMONIC 0.2 16.7 
0.3 24.7 
0.5 41.4 
0.7 58.1 
0 1.720 
.05 6.28 
0.1 11.0 
CYCLOIDAL 0.2 Pte 
0.3 S168 
0.5 52.5 
; 0.7 72.9 
@ Obtained by multiplying values in Fig. 11 by 1.236. 
6’ Obtained by multiplying values in Fig. 12 by 1.57. 


but the peak force increases rapidly with damping ratio as shown 
in Table 5. For damping ratios (¢,) greater than 0.1 with cy- 
cloidal follower motion no force reversal occurs. For the har- 
monic and gravity cams a very slight force reversal takes place 
near the end of the travel for values of ¢, equal to or greater than 
0.1. This is because of the fact that the damping forces are now 
large relative to the inertia forces. As the damping ratio in- 
creases the general shape of the force-time curve approaches the 
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Fic. 10 Ratio or Axtat Cam Force 10 THE Propuct of Driven Fic. 11 Rario or AxiaL Cam Force To THE PRopuctT or DRIVEN 

Mass anp Maximum FoLttower ACCELERATION VERSUS THE Ratio Mass anp Maximum Foxtower ACCELERATION VERSUS THE RaTIO 

or Cam DispLaACEMENT TO THE CAM DISPLACEMENT REQUIRED TO OF CaM DISPLACEMENT TO THE CaM DISPLACEMENT REQUIRED TO 
Propuce Fur Lirr : Propuce Fut. Lirr 


(Constant acceleration follower motion.) (Harmonic follower displacement.) 


Fie. 12 Ratio or Ax1at Cam Force To THE PrRopuct or THE Fic. 18 Ratio or AxtaL CaM Force To THE PRopuUcT OF DRIVEN 
Driven Mass anp THE Maximum FoLLower ACCELERATION Versus Mass anno Maximum Fotitowrer ACCELERATION VERSUS THE RaTIo 


THE Ratio oF Cam DISPLACEMENT TO Cam DisPpLacEMENT ReE- OF CaM DISPLACEMENT TO THE Cam DISPLACEMENT REQUIRED TO 
QUIRED FOR Fut Lirtr Propwuce Fuuu Lirt. 
(Cycloidal follower displacement.) (Constant acceleration follower motion.) 


Fig. 14 Ratio or Axtau Cam Force To tHe Propuct or Driven Fria. 15 Ratio oF AxtAL Cam Force To THE Propuct or THE 
Mass anp Maximum Fottower ACCELERATION VERSUS THE Ratio DRtIven Mass anp THE Maximum FoLttowEr ACCELERATION VERSUS 
or Cam DispLaceMENT TO THE Cam DISPLACEMENT REQUIRED TO THE Ratio oF Cam DisPLacEMENT TO THE CAM DISPLACEMENT 
Propuce Fuuy Lirr : REQUIRED FoR Futu Lirr 
(Harmonic follower displacement.) (Cycloidal follower displacement.) 
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shape of the velocity-time curves of the cam follower. Values 


(oe r . 
of — were arbitrarily chosen and the results are shown for two 
Wy, : 


values of 8. Normally the natural frequency of the driven 
system is high relative to the frequency of rotation of the cam. 
Therefore ratios of 8 = 0.01 and 0.02 were used. The effect of 
changing values of 6 in the range of low values of 6 is shown in 


Fig. 11. In comparing the plotted results it should be remem- 
a. . G,. 
bered that x is equal to 1.57 and — is equal to 1.24. 
9 a nt 


The use of a cam contour of the cycloidal type produces the 
following desirable results at low damping ratios: 


1 A lower peak force along the axis of the cam follower. 

2 The amplitude of the transient force variation taking place 
at the natural frequency of the driven system is much smaller 
than that produced by the other two cam contours. This should 
result in longer life of the cam surface and other elements.of the 


machine. It should yield quieter as well as smoother ma- 
chine performance. Operation at increased speeds should be 
possible. - 


The maximum value of the pressure angle is greater for the 
cycloidal cam than for the other contours discussed if all other 
dimensions are held fixed and only the contour changed. How- 
ever, at low values of damping ratio the maximum pressure angle 
occurs at nearly zero force ratio with a cycloidal cam. In the 
gravity cam the maximum pressure angle occurs at nearly maxi- 
mum values of the force ratio. 

In order to produce a cycloidal follower motion the accuracy 
to which the cam contour must be held is very high. An error of 
a few ten thousandths of an inch in the initial or final stages of the 
rise will seriously affect the system performance. This is also 
true in the case of gear action. In recent years a tremendous 
improvement in gear performance has resulted from the recogni- 
tion of need for holding tooth contours within very close limits. 
A great improvement in cam operation will result when the im- 
portance of close tolerances is fully recognized and production 
methods used to yield the desired accuracy. 

It is well to point out that the cycloidal follower displacement 
does not necessarily represent an optimum solution to the cam 
problem. However, it does offer an opportunity for tremendous 
improvement in dynamic performance over that obtained by 
either the gravity or harmonic displacement type cams. A dy- 
namic analysis of the results produced by any other cam contour 
can be carried out by the methods outlined in this paper. The 
idealized treatment used in the foregoing has omitted the influ- 
ence of.a number of important factors (see list of assumptions) 
which it is believed may be introduced in future work. 
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Discussion 


W. M. Dupury.? ° The writer does not recognize the type of. 


machine shown in Fig. 4. Is it part of some textile machinery? 
The writer’s work has been concerned largely with valve cams for 
aircraft and automotive engines. In comparing with Fig. 6 of 
the paper, the valve system could be represented by removing the 
two dashpots and replacing dashpot C' by the valve springs. In 
the work at Thompson Products, we recorded a large number of 
actual motions with a Western Electric Fastax camera. These 
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were compared with the theoretical solutions for the motion of the 
valve, and we found slight evidence of appreciable amounts of 
damping. By contrast with Equations [17] and [18] of the paper, 
we found the motions of the valve mass by using an equation by 
Timoshenko.’ This was changed from an integral to a sum- 
mation with short time intervals which is the only practical pro- 
cedure on the usual cams which consist of various curves fitted 
together. We found very good ¢greement between theoretical] 
and actual valve motions. 

The paper does not state specifically the relation between the 
natural frequency of the driven system and the cam cycle. From 
the data in the tables and also the plotted results, it appears 
that the natural frequency was about 16 times the applied fre- 
quency. This pleasant situation does not exist in valve mecha- 
nisms where the ratio at top engine speeds cannot be made more 
than about 8 without overstressing the springs. . Also, it is possible 
in some cases to detect force reflections due to the mass of the 
spring itself. In other words, the spring behaves as a bar with 
distributed mass rather than a simple linear assumption. The 
writer advocates designing cams by specifying first. the motion 
of the follower and then using the differential equation to find 
the cam profile itself. The latter is not a simple curve as it is re- 
quired to meet six or seven boundary conditions. In general, no 
simple curve such as a cycloid or a parabola will give satisfactory 
performance in a valve mechanism. Likewise, the usual process 
of assembling pieces of different curves will never operate well . 
at high speeds. 

The writer concurs in the statenfent that greater accuracy is 
required in machining cams. We designed several experimental 
cams for automotive and radial aircraft engines and found diffi- 
culty in getting the cams made accurately, owing to the fact that 
the grinding machines use master cams or followers of a different 
diameter, grinding wheels of variable radius, etc. It is not too 
difficult to correct for such conditions, but the companies had 
never done it. Our cams produced very good results at high 
speeds in so far as valve motion was concerned. However, the 
cam has such a vital effect on engine performance in various ways 
that dynamic action is only part of the problem. Some years 
probably will be required to obtain valve cams which are satisfac- 
tory in all respects. 

An amusing incident is recalled in which we had spent $1500 
making an experimental valve cam. When it arrived we laid 
it on top of the conventional cam and the differences appeared 
very slight. The boss looked it over with great suspicion. For- 
tunately, however, the functional cam design operated quietly 
and with a limiting speed of about 600 or 700 rpm above the old 
cam. We did not have the advantage of differential analyzers 
but were able to get along very well using IBM machines to per- 
form the calculations with punched cards. 

Aside from the present paper and one by the writer‘ the 
only other paper to his knowledge, in which flexibility of the fol- 
lower system is discussed, is one by Olmstead and Taylor. 
They do not consider any damping in the system and confine 
their attention to cases of determining the motion of the follower 


‘for a given cam. 


W. F. Huck.® Satisfactory operation of high-speed automatic 
machinery requires properly designed and accurately produced 


3 “Vibration Problems in Engineering,’’ by S. Timoshenko, second 
edition, D. Van Nostrand Company, Inc., New York, N. Y., 1937, 
Equation [48], p. 104. 

4‘*New Methods in Valve Cam Design,” by W. M. Dudley, 
Quarterly Transactions, Society of Automotive Engineers, vol. 2, no. 
1, January, 1948, pp. 19-33 and 51. 

5 “Poppet Valve Dynamics,”’ by E. H. Olmstead and E. S. Taylor, 
Journal of the Aeronautical Sciences, vol. 6, 1938-1939, pp. 370-375. 

6 Huck Company, New York, N. Y. Mem. ASME. 
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cams and related mechanism. Despite their importance and 
interesting possibilities in transforming rotary motion into os- 
cillatory motion of desired functional property, they have not re- 
ceived the attention of our technical schools which they deserve. 
It is therefore gratifying to see the present author’s broad mathe- 
matical approach to cams. 

He has treated the “gravity,” “harmonic,” and ‘cycloidal’’ 
types of acceleration/time curves. There are others which may 
be applied to advantage. 

The shock application of force that is inherent in the gravity 
curve, and the resulting oscillations are illustrated in Fig. 13 of 
the paper. It should be noted, however, that these oscillations 
depend upon the relative location of the oe of reversal at ordi- 
nate 0.5 and the return to zero at ordinate 1.0 with respect to the 
oscillation waves. It seems that these may have amplitudes 
approaching the value 8 or may become zero again at point 1.0. 
This variation depends upon the cam speed variation, since the 
frequency of oscillation will remain practically constant. For 
this reason the gravity cam is undesirable where high speeds 
and forces are involved. 

The harmonic curve can be used to advantage for cams that 
have no dwell. It is undesirable if used, as indicated in Fig. 14, 
because abrupt application and cessation of acceleration force 
at the end and the beginning of dwells induce high-value oscilla- 
tions also. 

The more gradual application of acceleration force, in accord- 
ance with the cycloidal curve, results in greatly reduced oscilla- 
tions, as shown in Fig. 15 of the paper. The writer has used 
cams based on these curves since 1932, with excellent results. 
Design standards were prepared for the following: 


1 Cams with dwell at both ends of each stroke. They have an 
acceleration in form of a sine curve from zero to 27, as illustrated 
in Fig. 9 of the paper. 

2 Cams with dwell on one end of each stroke. They have 
an acceleration in form of a sine curve from zero to 3/, 7 with a 
constant acceleration to connect to a sine curve from #/, 7 to zero 
acceleration for the return stroke, Fig. 16 of this discussion. 

3 Cams without dwell. These have continuous accelerations 
in form of reversing sine curves connecting the alternatingly 
positive and negative constant portions, 

Fig. 16 herewith indicates how velocity and displacement 
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curves are improved by the combination of cycloidal and constant 
acceleration. It results in more efficient cam dimensions for 
cams having reversing without dwell. 

The curves, Figs. 10, 11, and 12 of the paper, seem to be ob- 
tained through the differential analyzer. For ¢ = 0 the curves 
are the same as in Figs. 13, 14, and 15, respectively, but in a 
different scale. For ¢ values greater than zero the indicated 
accelerations not only become entirely positive but also-reach 
over 45 times the basic acceleration rates. The writer cannot 
visualize a practical application where this would be possible. 
Furthermore, with the acceleration thus increased and remaining 
positive throughout, the maximum velocity would be attained at 
the ordinate 1.0. This means that the fluid friction of the illus- 
trated hydraulic dashpot ¢ in Fig. 6 would have to be such that it 
will retard the mass M during the stroke in exactly the correct 
value to have its acceleration, and velocity, become zero at the 
ordinate 1.0. The mass would have to be small in proportion to 
the fluid friction of ¢ to make this possible. Because this is a 
rather unusual case the writer would like to see development of 
similar curves with damping based upon. proportions of mass and 
damping encountered in practical applications. 

The writer hopes that the subject of cams becomes an integral 
part of the curriculum of mechanical engineering and believes 
that the author has made an encouraging start. 


G. J. TatBourper.? In the past, many attempts have been 
made to obtain a better understanding of the factors involved 
in designing cams to give to a follower a definite motion under 
various speed and load conditions. Anyone connected with 
this particular branch of machine design knows from experience 
that the problem is extremely complex. It may then be of value 
in the following discussion to state what may appear to be rela- 
tively simple objectives: 


1 Definite motion of the driven mass. 

2 Smoothness of operation with minimum noise and vibration. 

3 Ability of cam and roll contacting surfaces to withstand 
the imposed dynamic loads. . 


It is a well-known fact that cam-driven mechanisms possess a 
flexibility which cannot be matched by any link mechanism. 
On the other hand, the limitations of cam-driven systems re- 
garding speed and loads are a barrier to their general use. 

The present ‘paper is therefore of extreme interest, not only 
because of its excellent analytical treatment and method of attack 
but also for its findings, which should excite our interest and prod 
us to further study and to evaluate some of the factors influencing 
cam design to obtain optimum results. 

In a treatise of this nature, some assumptions must necessarily 
be introduced to make it susceptible to a mathematical analysis. 
While the assumptions mentioned in the paper are well taken, it 
has been the experience of several engineers of our research Ge 
sion that the finish of cam and roll surfaces has also a definite 
influence upon the acceleration imparted to a follower. This 
has been further substantiated by oscillograms of the action of a 
fine-ground steel roll against milled and fine-ground cylindrical 
surfaces. 

Another factor of great importance is the effect of the applied 
load upon the smoothness of operation of the cam-driven mecha- 
nism. We have found that the application of external forces 
on the driven mass during the decelerating period tends to re- 
duce and sometimes eliminate the reversal of the forces acting on 
the cam surface. We feel therefore that surface finish and ap- 
plied loads should also be considered in designing cams. 

For many years we have been engaged in determining from 
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tests the surface-endurance limits of materials for cams to en- 
able us to calculate the safe load-carrying capacity of cam sur- 
faces, and it may be mentioned that the results of these tests have 
been invaluable in cam design. However, we are in the dark 
regarding the extent of the dynamic forces imposed on the surfaces 
of cams imparting to followers some well-known motions such 
as gravity, harmonic, and cycloidal, or any combination of these 
motions, although in some few cases we have been able, from 
the extent of the surface failure of a cam track and the number of 
repeated stresses, to obtain some indication of the critical dy- 
namic loads imposed on the surface and to select a cam material 
to withstand these loads. 

As early as 1930 we realized the possibilities of the cycloidal 
cam and also of the combination of harmonic acceleration and 
cycloidal deceleration, because we felt that the critical action 
between cam and roll occurs at or soon after the crossover, i.e., 
when the follower tends to continue its motion at maximum 
velocity, while the cam tends to constrain that motion. In that 
region the roll is urged by the energy stored in the follower and 
driven mass to leave the cam surface, with the result that when 
roll and cam contact again, they do so with an impact whose 

‘force may be several times that of the product of the driven mass 

and the deceleration of the follower. Our efforts have been 
directed to minimize this impact force by using a cam curve or 
combination of curves giving to the follower a smooth crossover, 
a minimum deceleration, and a zero or near-zero deceleration at 
the end of the motion. Whenever possible, we make the driven 
mechanism do work during the decelerating period. 

The author’s findings show, however, that the dynamic forces 
acting on the cam surface are greater than the product of the 
driven mass and the acceleration of the follower by a ratio of 3 to 
1 for gravity, 2 to 1 for harmonic, and 1.06 for cycloidal cams, 
assuming no damping. These findings are worth noting because 
one of the objections raised against the use of cycloidal cams is 
that the maximum acceleration imparted to the follower is 1.57 
times that of gravity motion, while the paper claims that the 
peak force, due to the cycloidal motion, is only 55.47 per cent that 
of gravity motion, assuming equal lift and angle of action. 

- Furthermore, the vibratory forces at the end of the motion of the 
cycloidal cam follower are only a fraction of those due to the 
gravity and harmonic motions. These findings check with our 
experience with cycloidal cams which, in several speed applica- 
tions, have resulted in minimum noise and vibration as well as 
longer life, compared to gravity and even harmonic cam curves. 
We hope in the future to be able to substantiate by tests the 
analytical results of the author. 

We also realize that for similar lifts amd angles of action, the 
differences between the co-ordinates of gravity, harmonic, and 
cycloidal cam curves at the initial and final stages of the lift are 
extremely small and very often a matter of a few ten thousandths 
of an inch. It requires accurate conditions of manufacture with 
optimum rigidity of work and cutting tool. Here again, the 
surface finish is an important factor which may influence appre- 
ciably the dynamic forces on the cam surface. 

Since one of the objectives in cam design is to eliminate the re- 
versal of forces on the cam surface, the effects of introducing a 
damping action between driven mass and frame, as shown in 
Figs. 10, 11, and 12 of the paper, are of great interest. However, 
it remains to be seen what practical value such damping would 
have on the life of the cam because it appears that, to avoid 
force reversal, the damping forces must be many times that of the 
product of the driven mass and the acceleration of the follower. 
Under such conditions, the loads imposed on the cam surface may 
be in excess of the load capacity of the surface and seriously affect 
the useful life of the cam. Some possibilities may, nevertheless, 


be worth investigating, such as the use of low damping ratios 
e 


0.05 or less, which may be sufficient, especially in conjunction 
with cycloidal follower motion to reduce to a safe value the peak 
load on the cam surface, while at the same time eliminating the 
force reversal so detrimental to the smoothness of operation and 
life of cam-driven mechanisms. 


AUTHOR’S CLOSURE 


In response to several requests a list of symbols used in the 
paper is given below. 


List or SympBots Usrep 


distance from center of rotation 


3 
ll 


of cam to center of roller follower in. 
R = radiusof base circle of cam in. 
yo, Zo = y and Z co-ordinates of r when 
follower is in its lowest position in. 
2; = displacement of cam follower in. 
6 = angular displacement of cam rad 
9 = angular displacement of cam re- 
quired to produce full travel of 
: follower : rad 
dé : 
(. a a 7) = angular velocity of cam rad/sec 
y = pressure angle rad 
wa = angular velocity of driven table rad/sec 
we = angular velocity of pinion “‘c”’ rad/sec 
T. = torque driving pinion ‘‘c”’ in-lb 
a speed ratio 
We 
r. = pitch radius of pinion “‘c”’ in. 
J = moment ofinertiaofdriventable lb in. sec? 
M = equivalent mass of driven table 
referred to cam follower displace- 
ment lb set?/in. 
zg = displacement of equivalent mass in. 
b = viscous-damping coefficient 
(equivalent mass to cam fol- Ib sec/rad 
lower) 
c = viscous-damping coefficient 
(equivalent mass to frame) lb sec/rad 
K = equivalent system stiffness lb per in. 


¢ = damping ratio (equivalent mass 
to follower) 

¢. = damping ratio (equivalent mass 
to frame) 


natural undamped angular fre- 


§ 
Il 
S| 


quency of driven system rad per sec 


iN 
D = operator D = | —})— 1/rad 
wn) dt 4 
F = component of force on cam sur- 
face in direction of zy lb 
L = cam lift in. 


d : 
v= = velocity of follower in per sec 


2, 
a = 2 acceleration of follower in per sec? 
2 
a, = 4L (=) maximum follower acceleration 
Oe 


(gravity cam) 
a; taaximum followed acbeleration 
(harmonic displacement cam) 
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d- = maximum follower acceleration 


(cycloidal displacement cam) in per sec? 
sie Soha 
Y Wn Wn 


The stimulating discussion to this paper indicates wide recog- 
nition of the dynamic problems involved in high-speed cam 
operation. The general problem to which the schematic system 
shown in Fig. 4 refers is that of the cam indexing of a mass 
which is elastically connected to a cam follower. A large num- 
ber of operations on a wide variety of automatic machines are 
also characterized by a similar dynamic system. Normally the 
speed of rotation of the cam is slow compared to that of the 
camshaft of an internal-combustion engine. Values of 50 to 200 
rpm are common. Values over 1000 rpm are rare. The ratios 
of forced frequency to natural frequency discussed in this paper 
were therefore restricted to small quantities. As Mr. Dudley 
indicates the valve-cam problem involves in general higher speeds, 
lower driven mass, and a gas-flow problem not considered in this 
paper, but dealt with at some length by Mr. Dudley.+ 

As Mr. Huck indicates, the use of a harmonic displacement cam 
in cases where,no dwell exists is justified because of the absence 
of transient disturbances. The suggested modification of the 
cycloidal displacement cam for a single dwell is permissible and 
should give excellent dynamic performance. Mr. Huck states 
that “the indicated accelerations ..... . reach over 45 times 
the basic acceleration rates.’’ This is not correct. Figs. 13, 14, 
15 show that the axial cam force at high damping values becomes 
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very large compared to the product of mass and follower ac- 
celeration. Reference to Equations [14] and [19] will give the 
following relationship for the force F 
ax dz 

eee 1 Rags 
At high values of damping the second term becomes very large 
while at low values of c the second term is very small. Thus at 
very low damping levels the force versus time plot reveals an 
oscillation about the follower acceleration - time plot. At high 
damping values the force versus time plot is of the same char- 
acter as the follower velocity-time plot. In actual practice 
damping ratios of the order of 0.01 to 0.05 are common. Higher 
values were studied to explore the possibility of avoiding force 
reversals, 

Mr. Talbourdet’s comments which reflect his long experience 
with and able contributions to the use of cams in automatic 
machinery are well taken. Surface finish and accuracy of con- 
tour are vitally important. With respect to surface finish the 
writer feels that real steps forward in this direction rest upon a 
better understanding of the friction phenomenon than we now 
have together with a more rigorous method of measuring surface 
finish. The effect of introducing an applied load to the system 
can be analyzed by the methods of this paper. Its influence 
would depend upon the character of such an applied load. 

The author wishes to thank those whose discussions have con- 
tributed so much to the original paper. Preliminary tests ongan 
actual system appear to substantiate the results herein presented. 


Curvature-Acceleration Relations 


for Plane Cams 


By M. L. BAXTER, JR,! ROCHESTER, N. Y. 


This paper discusses cam curvature as an important 
limitation in cam design, and presents formulas not pre- 
viously published for obtaining this curvature. Flat and 
circular followers are considered for both translational and 
rotational follower motion. Constructions for obtaining 
the center of curvature by graphical means are also given. 
The formulas are listed early in the paper in convenient 
tabular form for reference purposes, followed by detailed 
discussion and derivations. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Translational Motion: 


Il 


p radius of curvature of cam at point of contact 
ep’ = for a circular follower: radius of curvature of 


path of follower center 


b = for a circular follower: distance from cam cen- 
ter to center of follower, in direction of motion 
= for a flat follower: distance from cam center 
to follower surface ~ 
r = foracircular follower: radius of follower 


e = for a circular follower: offset of follower path 
from cam center 

\ = pressure angle, as defined later 

@ = cam rotation in general 


2= ob = distance proportional to instantaneous follower 
dé velocity 
dx db : ; é 
y = agi distance proportional to instantaneous follower 
acceleration 
Rotational Motion: 

pe = radius of curvature of cam at point of contact 

p’ = for a circular follower; radius of curvature of 


path of follower center 

p” = for flat follower: radius of curvature of cam 
where follower surface contains turning cen- 
ter of follower 


C = center distance between turning center of cam 
and turning center of follower 

L = for a cireular follower: distance from turning 
center of follower to center of follower 

ry = foracircular follower: radius of follower 

f = for a flat follower: offset of follower surface 
from turning center of follower 

8 = for a circular follower: angle between line of 


centers and center line of follower 
= for a flat follower: angle between line of cen- 
ters and follower surface 


1 Mechanical Engineer, Gleason Works. Jun. ASME. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of THE 
AMERICAN Society oF MEcHANICAL ENGINEERS. : 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 47—A-77. 


\ = pressure angle 
6 = cam rotation in general 
d 
x= . = quantity proportional to instantaneous fol- 
, lower velocity 
Ope Gleds . : P 
y= as quantity proportional to instantaneous fol- 


lower acceleration 


INTRODUCTION 


One of the more common problems facing a machine designer 
is that of determining the smallest cam capable of producing a 
prescribed motion; or conversely, determining what extremes of 
motion can be obtained from a cam of limited size. There are two 
criteria which provide the basis for the solution of this problem. 

The first, and best understood, is pressure angle. This term 
has been variously defined with respect to cams; in this paper 
it will always refer to the angle between the direction of force 
and the direction of (instantaneous) motion. It governs the 
amount of side thrust on the follower guides (and on the cam 
milling cutter in manufacture), and depends primarily on the 
instantaneous follower velocity. Pressure angle is discussed in 
most machine-design texts, such as Berard and Waters.? A re- 
cent article by Sanders? presents a more detailed study which is 
recommended as background material for the analysis given in 
this paper. 

The purpose of this paper is to consider the second criterion, 
cam curvature. The importance of curvature may be indicated 
by the following discussion, based on Fig. 1, which shows a 
circular follower riding on a cam. If it is desired to move the 
follower toward the cam center as rapidly as possible, starting 
at the position shown, it is apparent that the best that can be 
done is to cut the cam curve off sharply. The center of the fol- 
lower, however, does not immediately move toward the cam 
center; it proceeds about a circular path representing a finite 
limiting deceleration for the assumed dimensions. If a greater 

deceleration is required, either the 

cam size must be increased or the 
roller size decreased. We may then 

' set down as a primary rule of cam 
design that the required motion must 
not produce a radius of curvature 
of the pitch curve less than the ra- 
dius of the follower. The amount 
by which this limit must be avoided 
in practice depends on the. allow- 
able compressive stresses in cam 
and follower. 


2“Hlements of Machine Design,” by 
S. J. Berard and E. O. Waters, second 
edition, D. Van Nostrand Com- 
pany, Inc., New York, N. Y., 1933. 

3“Cam Design and Analysis for 
High Speeds and Torques,”’ by Mil- 
ton A. Sanders, Product Engineering, 
vol. 18, 1947, pp. 84-87. 
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BAXTER—CURVATURE-ACCELERATION RELATIONS FOR PLANE CAMS 


This paper presents a method of determining the cam curva- 
ture for a given set of dimensions and for all cases of follower 
motion: 


(a) Circular follower, radial translation. 
(b) Circular follower, offset translation. 
(c) Circular follower, rotation. 

(d) Flat follower, translation. 

(e) Flat follower, rotation. 


The corresponding formulas are listed in Table 1. It is be- 
lieved that those for a circular follower and for a rotating flat 
follower have never before been published. It will be seen that 
the formulas assume’a simplified form for the special case where 
the follower velocity is momentarily zero. In many instances 
this is also the point of maximum curvature. This condition is 
discussed at greater length later in this paper. 

Constructions are also given, based upon the theorem of three 
centers, for locating the center of cam curvature by geometrical 
means. 


CHARACTERISTICS OF FoLLOWER MoTIon 


To the order required for the determination of cam curvature 
the follower motion is sufficiently defined by the quantities « and 
y for translation and X and X for rotation. While it is unneces- 
sary to bring in the concept of time, these quantities may be re- 
lated to actual velocity and acceleration by the following equa- 
tions, where . 


t = time 
dé : ; 
Se att angular cam velocity, radians per sec 
db 
oo 
dé 
_ dx db 
4 do dé? 
_ dB 
So, 
OR ORY} 
y i ® 
do de? 
db : : iat 
v= age follower velocity, translation, in. per second 
dv db : : ; 
a= — = — = follower acceleration, translation, in. per 
dt Ge 
(second)? 
dg , : : 
eld follower velocity, rotation, radians per second 
d ad? 
= oe = follower acceleration, rotation, radians per . 
dt dt? 
(second)? 
ae) a 
£= OP reste ca rn [la, 6] 
We We 
(2) Qa 
5 Ge y= ee ee [2a, 6] 
We We 


Where the follower motion is readily defined mathematically, 
as for constant acceleration or harmonic motion, # and y or x and 
yw are easily obtained from this knowledge. Otherwise they 
may be easily obtained from a table of successive follower posi- 
tions such as is often required for cam manufacture. Let 


AG = 
q= 


tabular interval of cam rotation, deg 
average of first differences on each side of assumed tabular 
value, in. or deg 


d, = second difference at assumed tabular value, in. or deg 
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Then 

2 dy 
ay 180 . x y= 180 oe MLE [3a,b] 

T Aé T Ae? 

dy 180 dy 
x= — = ——— uo = — Witeh ah eS we 4 ’ b 
A@ ( 7 ) Ae? a 


The sign of d; is taken as positive when the follower displace- 
*ment is increasing, and dz is positive when d; is increasing alge- 
braically. 


DERIVATION OF FORMULAS 


The following nomenclature for points and lines is used in the 
derivations: 


= center of cam rotation 

= center of circular follower 

= point of contact of cam and follower 
instant center of relative motion 

= center of curvature of cam 

contact normal 

= turning center of rotating follower 


ye ro YO 
I 


Primes are-used to designate positions after an infinitesimal 
cam rotation dé. 

The general method employed in the derivations is simple. 
The contact normal N is first determined for the original con- 
figuration; a second position N’ is then obtained corresponding 
to an infinitesimal cam rotation dé. The intersection of these 
successive positions of the normal is the center of curvature. 

For a flat follower, the normal is located by the position of one 
of its points (the instant center J) and the knowledge that it is 
perpendicular to the follower. For a circular follower, the normal 
must contain both the instant center J and the follower center P. 


CrrcuLaR FoLLOWER 


Circtlar Follower—Translation. Fig. 7 shows a circular fol- 
lower with center P moving along a straight path offset a dis- 
tance e from the cam center 0. The instantaneous position of 
the follower is defined by the quantity b, measured in the direc- 
tion of motion. In addition we must know the values of the 
quantities x and y which characterize the velocity and accelera- 
tion of the follower. 


pee 


Fic. 7 CrrouLtar FottowER 
With TRANSLATIONAL 
Motion 


Fie.8 CrrcuLtar Fottower WitH 
TRANSLATIONAL Motion 
(Position of normal after infinitesimal 
isplacement.) 


’ 
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The instant center J is readily located on a line perpendicular 
to the follower path and containing cam center 0. To satisfy 
the requirement that cam and follower have equal velocities at I 

Dee ote 
~ d0 
The normal V may now be drawn through P and J, locating the 
point of contact Q; and the pressure angle ) is seen to be given 
by the equation 


We may now consider an infinitesimal relative rotation d0; 
for convenience, we consider the cam to be the stationary member, 
see Fig. 8. Since the follower is instantaneously rotating about 
T, the displacement of P to P’ is perpendicular to the normal and 
is equal to 


PP’ = ds = PI - do = bsecd- dé 
The displacement of the instant center J is composed of two com- 


ponents. 
(a) Due to the follower acceleration, x increases an amount 
° 


dz = y- dé 


(6) Due to the rotation de, J moves vertically a distance x-d6. 
The resultant displacement of J perpendicular to the normal is 


dz = dx cos\ — x d@sinX 
or 
dz = (y cos \ — x sin \)d0 


The displacement in the direction of the normal may be ignored 
as it represents only a higher-order effect. 

% The new positions of P and J define the new normal N’, whose 
intersection with N is the required center of curvature a. By 
similar triangles we get . 


ka dz 
PK ds 
Then, since 
PK = p’ 
ds = bsecd\ dé 
dz = (ycos\—-zsin \)d@ 
IK = p’—bsecr 
We get 
p’ — bsec X _ ycos\—azsind 
p! = b sec 
Whence 
i cos X cos A 4 
>= 7 1 + >— (wsin \— y cos ) Sacreeisal Ol 
p 


An important special case is obtained when the follower ve- 
locity is zero, namely 


1 = SEAL _ OS 7 
ios : > Dialer Actor <tc Mpa [7] 


Also, when the follower offset, as well as velocity, is zero 


aMes Ue hep 
oils ‘] etc), eee (8] 
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The radius of curvature of the cam itself is of course 


Circular Follower—Rotation. This case is somewhat more 
complicated. Fig. 9 shows cam center O and the center of fol- 
lower rotation F separated by center distance C. The follower 
center P swings about F at a distance L. The instantaneous 
follower position is defined by the angle 8, and the first and 
second derivatives of the follower motion are X and y. 


Fig. 10 Swineine CrrcuLaR 
FOLLOWER 


(Position of normal after infinitesimal 
isplacement.) 


Fic. 9 Swincine CrrRcULAR 
FOLLOWER 


Here again we first locate the instant center J, which in this 
case lies on the line of centers at a distance from O of w 
where 


w a dp ei 

C+w de 

Hence 
CX 
w ios [10] 
and 
@ 
(C + w) (Lp {11] 


The normal N as before contains P and J, locating the point 
of contact Q. Solution of the triangle FPI yields the formula for 
the pressure angle \ ; 


tan A = Fey acct 


as well as the distance * 
= C si 
PT ee ot 
(1 — X) cos 
Referring to Fig. 10, we assume again an infinitesimal rotation 


dé, the cam being considered stationary. The relative rotation of 
the follower is then (d@ — dg) about instant center J, from which 


we obtain the displacement of point P as PI:(da — d@) perpen- 
dicular to normal NV. Then, since (dé — dg) = do(1 — x) 
sin 6 


st —n, - do 
cos \ 


The displacement of point J is again composed of two parts, 
one of which is the increase in distance w. This is most readily 
obtained by differentiating Equation [11], whence 


Cy 
dw = ——— -: d6 
Gh ea 
where 
dx 
Vi emp 


In addition to the displacement dw along the line of centers, I ro- 
tates an angle dé about O, giving a linear displacement perpendicu- 
lar to the line of centers of w-dé. 

The resultant displacement perpendicular to the normal is 


dz = dw cos (8 + ») — wdé sin (8 + A) 
or 


v 


= [coos (B+) - = CSG (rN) * 


Since PK = p’, we again obtain from similar triangles 


(Mit SEE 

p’ ds 
Substituting equations previously obtained for PJ, dz, and ds 
we get 


os f y 
S2) xsin(@ +) — Te 


cos (6 + » If Bsc [13] 


While this constitutes a solution of the problem, we may simplify 
considerably by a transformation not given here to yield 


1 cos L cos» 
SS Se x(1 — X) sin \ — ¥ cos X {14 
p ann “8 pete « i}. 

Furthermore, to bring out an analogy between this case and 
that of an offset translation we may make the following substi- 
tutions 


Crsimyga—s0 
L—Ccos 6 =e 
ecicd 

bua 8 

poe 

og i 


to obtain the following forms, which should be compared with 
Equations [5] and [6] 


tan \ = 


ie =“ 3 +2] 2(1—2)sinn—yosr]h.. a5) 


Flat Follower—Translation. The curvature of a cam imparting 
translational motion to a flat follower has been discussed thor- 
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a@—x? (i= |e 
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oughly in a recent paper by Candee; Berard and Waters? give 
simple design formulas for determining the minimum cam size for 
a flat follower having constant acceleration or harmonic motion. 
No derivation is given here, but the formula is included in Table 1 
for completeness. . 

Rotating Flat Follower. This case is similar to that of the 
rotating circular follower and somewhat simpler. Referring 
to Fig. 11, O and F are the turning centers as before, separated 


N 


(46-d@) ~ 


Fic. 12 Swineine Fiat 
FOLLOWER 


(Position of normal after infinitesimal 
displacement.) 


Fig. 11 Swineine Fuat 
FOLLOWER 


by distance C. The follower consists of the line FQ, whose in 
stantaneous position is defined by the angle 6. As before 

dB 
TO gah ek MAraiIgs 


tes 


We locate the instant center J as before on the line of centers 
such that 
aan te ye eg LAX 
OI =w (1—x) 
The normal N may then be drawn through I perpendicular to the 
follower, locating the contact point Q. 
After a rotation dé, the two displacement components of J are, 
as before, 
Cy 


dw = ———. de 
me eee 


x 
. — d 
w:de a x) 


so that the resultant perpendicular to N is 


v oanee 
eye a | a 


The new normal N’, remaining normal to the follower, makes an 
angle with the original normal N of .(d@ — dg) = d@(1 —x). 
We may then use the triangle /7’K to obtain 


fe = dz 
~ (1—x)de 


dz =| cos 6 


4 “Kinematics of Disk Cam and Flat Follower,’ by Allan H. 
Candee, Trans. ASME, vol. 69, 1947, pp. 709-724. 
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The radius of curvature p” of the cam is then (QJ + I K), or 


y . x 
p’ = (C + wu) sing + C cos 8 7 C8in BGs 
3 anes [16] 


or by substitution for w and rearranging 


amo — 2x) sing + 


" 


pis aS cos 6|. [17] 


(l1—x 


Where the follower surface is offset from its center of rotation 


F by an amount f, see Fig. 5, the radius of cam curvature is ° 


simply 


Point or Maximum CuRVATURE 


It is possible, by differentiating the appropriate curvature 


formula, to set up a relation between the variables for the con- 


dition of maximum curvature. In the general case such a rela- 
tion is too complicated to be of practical use, and it is far shorter 
to calculate the curvature at several points and to plot these 
results to determine the worst position. 

An analytical determination of the point of maximum curva- 
ture obviously requires an analytical expression for the follower 
motion. If we consider two of the most common follower mo- 
tions, harmonic and constant acceleration, we may obtain for the 
simpler cases considerable information as to the location of the 
critical point. 

Considering only translational follower motion, we may study 
a portion of the cam corresponding to a rotation of 6, radians. 
At both ends of this interval the follower velocity is zero; the 
follower distance decreases during the rotation from by to by. 
Under these conditions, the following rules apply for the loca- 
tion of the point of maximum curvature: 

Flat Follower. The maximum curvature always occurs where 
b = by for both harmonic and ‘constant acceleration returns. 
In the special case of harmonic motion where 6g = 180 deg, the 
curvature is constant, the cam profile is a semicircle, and repre- 
sents the well-known case of the eccentric circle. 

Circular Follower—Constant Acceleration. Maximum curvature 
-occurs for b = by when 


eee 
(=) Se ORG ORE ate Wheceed .. 19] 
bx 


This represents the majority of cases where danger of a cusp 
exists; only where a relatively large roller is used will it be neces- 
sary to investigate other points. ; 

Circular Follower—Harmonic Motion. Here again the maxi- 
mum curvature usually occurs when b = by. The necessary con- 


ditionis 
( os > (% 1+ 3. 3 \o, ps 120] 


GEOMETRICAL CONSTRUCTIONS FOR CENTER OF CURVATURE 


The following constructions serve to locate the center of 
curvature by geometrical means. They are of great value for 
genéral points, but unfortunately fall down for certain dead- 
center positions. - ; 

Detailed derivations of these constructions are not given here, 
but it may be well to indicate in a general way the method in- 
volved. We employ an extension of the familiar theorem of 
three centers to a system of five bodies: the frame, the cam, 
the follower, the contact normal, and an auxiliary body geared 
to the cam and carrying the instant center of the follower relative 
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to the cam. We locate successively the various instant centers 
of the system, arriving eventually at the instant center of the 
normal relative to the cam, which is the required center of 
curvature. 

The constructions are shown in Figs. 13, 14, and 15. In each 
case it is first necessary to locate the instant center J. For the 
follower with straight-line motion, Fig. 13, I lies on a line OJ 
through the cam center and perpendicular to the direction of 
motion at a distance z. For a rotating follower, J is located on 
the line of centers at a distance from the cam center of 


Cx 


es tS) 


The contact normal may then be drawn through J, containing 
point P for a circular follower, and perpendicular to the follower 
for a flat follower. 

Just as the instant center J characterizes the velocity of the 
follower, point A characterizesits acceleration. OA is perpendicu- 
lar to OI, and for Fig. 13, OA = y. For the rotating followers 
in Figs. 14 and 15 


4 2 
~ (L—x)? 


OA 


Fie. 13 ConstTRucTION FOR CENTER OF CURVATURE OF CAM 
(Circular follower with translational motion.) 


Fig. 14 Construction ror Center or CurRVATURB oF CAM 
(Swinging circular follower.) 
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Fie. 15 Construction ror CENTER OF CURVATURE OF CAM 
(Swinging flat follower.) 


While the three figures differ somewhat in appearance, we 
may see that they are really identical when we consider that in 
Fig. 13 point Bis at © along line JA, while the “line of centers” 
is perpendicular to the direction of motion, and in Fig. 15 point 
P is at ~ along line JQ. j 

In Fig. 14 point D frequently lies at an inconvenient distance, 
in which case we draw the auxiliary line HAM parallel to PI, 
so that : 


IK _ MA 
PI HM 
EXAMPLE 


e 

This example indicates how these formulas may be applied 
to a simple typical design problem. A series of cams is to be 
designed, each having the same minimum radius (perhaps gov- 
erned by a hub diameter) but varying in throw from 0.4 in. to 
1.0. The follower is a 1-in-diam roller constrained to move in a 
straight path which, extended, contains the center of rotation of 
the cam. The return motion is to be of the constant-acceleration 
type, and the problem is to find the smallest angle 6g which can 
be used for this return for each throw. 

The following data are given: 


VIgTITENUIN CATA TACLUISs Ly yeti iets) «evel horale ls) olson 2.0in. 
ROUGE TROIS ferert cite ete cusier sete steeie se hele ey erate 0.5in. 
TUNE Logabarss pe Oc eco eeee cart er aemien cer 1.0, .. 0.4in. 


Minimum allowable radius of curvature of cam.0.2in. (assumed) 
-The values of b at the start and end of the return are 


by = Ry tr = 2.5 
by = by + T = 2547 


d*b 
Since the motion is to be constant acceleration, and y = 70 


. 
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1 2 
(6 — bx) = ere 
in general, and 
1 1 1 2 
—-T=-— a) 
2 24 € “) 
for the first half of the return. Hence 
—47T 
y= pret ete ee ee eee eet eaes [21] 
Or 


Referring to Equation [8] and considering the conditions 
when b = by 


We require that p’ = r + Ar = 0.7 in. at this position. Hence 


ii 
Z =x(1—- | 


or 
4T 
Oe ee [22] 
bx 
r - Ar vm 


Before proceeding with calculations for obtaining 0g for each 
desired throw, we may check against Equation [19] to make 
sure that the maximum cam curvature will occur at the high 
point. From Equation [19] we see that this is the case when the 


(0 
quantity | is greater than 0.316. 


bx * Op 


But from Equation [22] we have 


mabe’ 
by + Op? 4 r+ Ar 


Computing this quantity for values of 7 = 1 in. and 0.4 in., 
we obtain 1.0 and 0.8, respectively, and since these exceed 0.316, 
we know the worst position is at the high point, as assumed. 

The calculations for 6g, the minimum permissible return angle, 
may be tabulated as follows 


T (throw) i 0.8 0.6 0.4 
by = 25 4 7 3.5 3.3 31 2.9 
2x1) 4.0 3.714 3.429 3.148 
0.7 
4T 
6p? = 0.286 0.261 0.226 0.1755 
(1) 
ENO? 
Op, radians 0.535 0.511 0.475 0.419 
Op, deg 30.7 29.3 27.2 24.0 


In closing it should be remarked that Equation [22] will be 
found particularly useful in the preliminary stages of design as 
an aid in arriving at proper size relationships. 


Studies in Boundary Lubrication —III 
~The Wear of Carbon Brushes in Dry 
Atmospheres 


By W. E. CAMPBELL,! anp ROSE KOZAK? 


The dusting wear of carbon brushes is studied in ‘dry 
nitrogen at atmospheric pressure. The effect of water, 
oxygen, and carbon dioxide on dusting wear is described, 
and the results compared with those of investigations car- 
No effect of 
current, up to 114 amp per sq in. is found under the condi- 
tions studied. It is shown that a highly oriented natural 
graphite specimen or an oriented graphite brush, operated 
so that the faces of the cleavage planes rub on a plane 


ried out under partial vacuum conditions. 


rotating copper surface, neither dusts nor produces wear 
on the copper surface in dry nitrogen. When operated so 
that the edges of the cleavage planes rub against the plate, 
rapid dusting wear takes place and the copper surface is 
deeply scored. The dusting rate of carbon brushes in dry 
nitrogen against several metals is given. The rate is 
shown to decrease as the hardness of the metal increases, 
the behavior of brass being exceptional. It is found to be 
zero on smooth chromium and rhodium surfaces. On 
the assumption that an adsorbed lubricant film prevents 
scoring of the plate by the edges of the graphite crystals, 
allowing them to be oriented, the results are shown to be 
consistent with recent theories of solid friction. 


INTRODUCTION 


ARLY in 1942 it was known by several of the leading 
E manufacturers of motor generators and brushes that, un- 

der the conditions prevailing at high altitudes (20,000 to 
40,000 ft), vastly accelerated wear or ‘‘dusting” of carbon brushes 
took place. It was also recognized that the wear was related to 
the low water content of the atmosphere at these altitudes. The 
mechanism of action of water as a wear-preventing agent was not 
understood, there was disagreement in the experimental findings 
from different sources, and no really adequate wear-preventive 
treatment had been developed for brushes operating at high cur- 
rent densities.. Owing to the urgency of the situation, large-scale 
development studies, aimed at discovery of more effective treat- 
ments, occupied the major attention of these investigators. The 
present investigation was initiated in 1942, and continued to the 
end of 1943, because of the urgent need expressed by these manu- 
facturers for a better understanding of the fundamental mecha- 
nism of high-altitude dusting. 

The results of several other fundamental investigations have 
been published (1),* and some of the work to be presented here 
covers similar ground. All these studies, however, were carried 
out in evacuated systems at low pressures, whereas the present 
work was carried out at atmospheric pressure. 


1 Bell Telephone Laboratories, Murray Hill, N. J. 

2 Formerly with Bell Telephone Laboratories. 

3 Numbers in parentheses refer to the Bibliography at end of paper. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. 


DESCRIPTION OF APPARATUS AND PROCEDURE 


The apparatus consisted essentially of a device for pressing the 
square end of a vertically mounted brush against a rotating plate 
in a bell jar through which a controlled atmosphere was passed. 
It is shown in Fig. 1, with the gas-purification and mixing train 
disconnected. The brush was held in a brass block, mounted on 
pivots on a steel support screwed to a brass base plate. The tend- 
ency of the brush to rotate in the horizontal plane when the disk 
rotated was restrained by a steel spring attached to the steel sup- ~ 
port, and a horizontal pointer on tHe block indicated the torque. 
The brush was loaded by means of flat lead disks slipped over a 
hollow rod. A spring was placed between the end of the rod and 
the top of the brush. As the brush wore, the edge of the disk 
moved down along a vertical scale graduated in millimeters, and 
the reading on the scale was recorded at short time intervals. 
The copper test plate against which the brush was pressed was 
screwed on its underside to a steel disk locked to a shaft which 
was rotated on ball bearings at a speed of 1725 rpm. The diame- 
ter of the brush track was 2 in. The brush dimensions were 1!/, 
in. D8 3/16 in. x 3/16 in. 

In studying the effect of current, one lead was soldered to a 
silver film deposited from silver paste on the upper end of the 
brush and passed up through the hollow rod supporting the 
weights. The other lead was made through a silver-plated phos- 
phor-bronze spring pressing against a rhodium-plated section of 
the rotating shaft. 

A tapered hole was drilled in the brush track of some of the 


‘copper plates; a close-fitting, tapered copper insert was fitted to 


the holes, and polished flush with the plate. This insert could be 
removed at the end of a run and its surface examined by electron 
diffraction. 

The bell jar was ground along its lower edge and was tightly 
clamped to a brass platform. Gas of regulated composition en- 
tered the bell jar through a ground-glass joint at the top and 
passed out through the upper ball bearing in the platform, thus 
carrying away grease vapors which might tend to contaminate 
the plate. The upper ball bearing was lubricated with a vacuum- 
stop-cock grease. 

The purification train was arranged so that a measured flow of 
nitrogen, purified by passage over freshly reduced copper at 300 
C, could be mixed with measured flows of other gases such as oxy- 
gen or carbon dioxide. The mixture was purified with activated 
carbon and dried with dehydrite and phosphorus pentoxide. The 
line could then be split and any given fraction by-passed through 
a water bubbler at a measured rate and remixed with the main 
stream. Although an efficient saturator was employed, it has 
been shown (2) that it is extremely difficult to saturate a gas with 
water by bubbling through the liquid. The partial pressures given 
have been based on the assumption of 80 per cent saturation of 
the gas. The volume of the bell jar was 10 liters, and the total 
flow was usually maintained at 150 liters per hr. 

In boundary-lubrication studies, it has been frequently pointed 
out that very careful precautions should be taken to free the sur- 
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Fic. 1 Apparatus ror Stupyine Dusting WEAR OF CARBON BRUSHES 


faces from organic contamination (4). The same care is essential 
in studying carbon-brush wear, as has been convincingly demon- 
strated by Van Brunt and Savage (8). The plate was polished 
successively with 1, 0, and 0000 French emery and was cleaned 
by polishing with levigated alumina on wet broadcloth (4), or by 
cathode degreasing. The plate was held in a steel jig during 
cleaning, to prevent contact with the bare hands. When dry, it 
was removed with clean metal tongs, placed on the support, and 
screwed into place: The test gas was checked frequently for 
freedom from greasiness by allowing it to impinge directly on a 
freshly cleaned plate. If, after this, the plate reacted clean to 
the water wetting test, the gas was assumed to be sufficiently 
free of adsorbable grease. The brush was cleaned by heating to 
500 C for5to 10min. It was placed in the holder when cool, and” 
loaded with the standard load of 2.2 kg per sq cm (381.4 psi). 
This load is considerably in excess of that used in practice, and 
was chosen in order to provide accelerated conditions. 
The bell jar was clamped into place as soon as possible after 
cleaning the plate and brush, and the test atmosphere allowed to 
‘ flow for at least 10 min before starting the motor. Unless other- 
wise stated, all the experiments were run with no current flowing. 
The brush type selected for all the studies of the variables af- 
fecting standard brush operation was an exceptionally pure 
grade of electrographitic carbon. Itshad a coke binder, and was 
fired originally at 2800 C. It had a scleroscope hardness of 50, 
a resistivity of 7 < 10-4 ohm-inches, a density of 1.75, and an ash 
content of 0.2 per cent. The wear versus time curves for this car- 
bon are accurately linear. The mean of the wear rates in dry ni- 
trogen for 20 brushes cut at random from a large block of the 
material was 1.3 mm per min with a maximum deviation of 0.3 
mm per min. The wear-measuring device was not sufficiently 
sensitive to measure the wear of brushes in moist nitrogen or air 
over the short time periods used for an average run. Therefore 
the wear rates under these conditions have been designated zero 
throughout this paper. . 


Because of the variability from brush to brush, the same brush 
was generally used in studying a given effect. The procedure used 
was to run the brush in dry nitrogen for 5 min to establish the 
rate. The variable to be studied was then introduced, and a new 
rate established over a 5-min period. Successive changes in the 
variable were then studied in the same manner until the desired 
range had been covered. The rate was then redetermined in dry 
nitrogen to check whether the original rate could be reproduced. 
In all the runs recorded in this paper the original rate was always 
reproduced at the end of the run to within 0.1 mm per min. 

The friction-measuring device did not permit very accurate 
measurement of friction. Under dusting conditions bad stick-slip 
took place, and readings were highly erratic; under no-wear con- 
ditions the friction was steady. The friction results were consist- 
ent with those reported by others (6), the coefficient running from 


0.5 to 1.0 for dusting wear, and from 0.1 to 0.2 when wear was 
negligible. 


Errect or BRusH PRESSURE ON WEAR Rats WITH AND WITHOUT 
CuRRENT FLow 


The run was started on a clean polished plate in dry nitrogen 
with a pressure of 220 g per sq cm (3.13 psi), and was continued 
long enough to establish a steady wear rate, both with and without 
a current flow of 114 amp per sq in. The same procedure was 
adopted for each point on the curve in Fig. 2. Over the range 
covered, which includes the pressures commonly employed in in- 
dustry, the rate of wear is an increasing function of load. This 
behavior is in accord with experience in field tests on commercial 
machines. 

The current produced no measurable effect at any load studied 
when moisture was absent.. This result is in accord with the 
findings of other investigators, and indicates that the dusting 
wear of carbon brushes in dry atmospheres is due to the absence 
of an adsorbed lubricating film and not primarily to erosive ef- 
fects of current. The accelerating effect of current, so frequently 
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noted in field studies and altitude-chamber tests on standard 
machines, is probably due to the evaporation of organic contami- 
nation at the high brush temperatures caused by the current 
flow, and to the mechanical ploughing effect of irregularities in 
the commutator surface producing by sparking. 


Errect on Brush Wear or Ditusnt Gases IN NITROGEN 


In studying the effect of diluent gases, very low concentrations 
were generally used first, and the amount increased until the 
wear reached the zero rate. Fig. 3 shows the dusting rate as a 
function of moisture content expressed as partial pressure of 
water vapor. At a partial pressure of water vapor equal to 0.6 
mm of mercury the rate became zero. The effect was reversible, 
that is, on decreasing the water concentration to the lowest 
amount possible, the rate increased to the initial dry rate. The 
shape of the curve is quite similar to that of other investigators 
(5, 6), but'the partial pressure at which wear ceases is somewhat 
lower. The difference can probably be accounted for by the dif- 
ference in surface temperature resulting from operation at low 
pressures on the one hand and at atmospheric pressure in the 
present studies. In all, this experiment was repeated six times to 
see how closely the partial pressure of moisture necessary to stop 
wear could be reproduced on different brushes. The average 
value found from these experiments was 0.65 + 0.1 mm of mer- 
cury. 

The rate of wear versus concentration curves in Figs. 4 and 5 
for oxygen and carbon dioxide were obtained in a similar manner 
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to that for water and are of similar type, differing only in the criti- 
cal pressure required to stop wear. This is of the order of 230 mm 
for oxygen, and 350 mm for carbon dioxide. The result for carbon 
dioxide is in disagreement with the findings of Ramadanoff and 
Glass (6), but is in agreement with an observation made on direct 
current to 400-cycle aircraft inverters in these laboratories at low 
temperatures produced by dry ice in an enclosed space. The 
reason for the disagreement is not known. Similar results to 
those in Figs. 3, 4, and 5, were obtained on several types of carbon, 
including some containing copper. 


EFFECT OF ORIENTATION OF CARBON ON BrusH WEAR 


It was found early in the work that if the brush was first run in 
air or in moist nitrogen, it would not wear subsequently on pas- 
sage of dry nitrogen. This was true when the running time in the 
no-wear condition was as short as 10 min. If the run was started 
in dry nitrogen, dusting started immediately, but stopped within 
a minute or two when water in sufficient quantity was introduced 
into the stream. On reintroducing dry nitrogen there was a lag, 
sometimes as long as 20 min, before dusting started again. If 
the copper plate was roughened, say, by abrasion with No. 1 em- 
ery cloth, and the run started in moist nitrogen, no wear took 
place; on drying, dusting set in after a time lag, as in the case 
just described. 

Electron-diffraction pictures of the brush and the track after 
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running in the no-wear condition, showed oriented carbon on 
both surfaces, Fig. 6a. The carbon is oriented so that the faces 
of the cleavage planes are in the plane of the plate and of the 
brush face. Electron-diffraction pictures taken after running in 
the wear conditiqn again showed carbon on both surfaces, Fig. 
6b, but there was no sign of orientation. The track oh the copper 
frequently showed copper and cuprous oxide in addition to carbon. 
The degree of orientation found on brushes and track in the no- 
wear condition was variable, but in no case was any orientation 
found after rapid wear, although a large number of surfaces were 


tested. 
These results suggested strongly that an adsorbed moisturé film 


we 
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Fic. 6(a) ORIENTED PaTTERN ON CARBON BrusH Face AFTER 
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acted in some way to aid orientation of the crystals, and that 
after orientation of the surface layers of the brush was effected, 
no dusting took place even in the absence of water. Reversal 
from a no-wear condition back to a dusting condition, when dust- 
ing had been stopped by moisture, is explicable on this theory by 
assuming that, during the initial wear phase, the plate was deeply 
grooved and torn in the brush track. While water was present in 
sufficient quantities, its lubricating action kept the wear and fric- 
tion down, but when it was removed, the grooved track gradually 
destroyed the oriented layer or layers, finally exposing the disori- 
ented, very hard edges of the crystals in the body of the brush. 
This picture suggested that if the brushes were cut from a 
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highly oriented block in such a manner that the faces of the 
cleavage planes rubbed against the rotating metal surface, then 
no dusting would be possible even in a dry atmosphere. To check 
on this possibility, the following experiment was carried out. 

Three specimens, 3/15 in. square and 1/3 in. thick, were cut from 
a highly oriented natural graphite specimen and cemented to a 
standard brush face in such a manner that the cleavage-plane 
faces lay in the plane of the brush face in one case, and perpen- 
dicular to it in the other two. Strict precautions were taken 
throughout to prevent organic contamination of the exposed face. 
The brushes were then run in turn in dry nitrogen on polished 
copper. 

The results of this experiment are shown in Fig. 7, and views of 
the brush tracks in Fig. 8. Identical results were obtained when 
the experiments were repeated with a current density of 114 amp 
per sq in. When the faces of the cleavage planes of the specimen 
were rubbing against the copper surface, after a small initial 
amount of wear (0.1 mm), no further measurable wear took place 
over a period of 9 hr; both the brushes run in the edge-on condition 
started dusting immediately, and were almost completely worn 
out in less than 40 min. After operation in the face-on condition 
there is no evidence of any scratching of the copper plate, Fig. 
8b, whereas in the other two cases there is evidence of consider- 
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able grooving, Figs. 8a and c. This is direct evidence that the 
edges of the graphite are hard enough to cut into the metal. 

As a consequence of these findings, a large number of oriented 
graphite preparations were compounded to see whether operation 
without dusting in dry atmospheres could be achieved by operat- 
ing oriented brushes in the face-on condition. A typical prepara- 
tion was made by mixing pitch with finely divided graphite in 
benzene, evaporation of the benzene, pressing the mix in a mold 
at a pressure of 30 tons per sq in., and firing in graphite at 1000 C. 
The ratio of resistivity measured in two directions at right angles 
to each other ran between 3 and 10 to 1. 

Wear results in dry nitrogen obtained with-such a brush are 
shown in Fig. 9 and are in full agreement with those for the 
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oriented natural graphite experiment. It is of interest to.note 
that, even on a relatively rough surface, in which radial slots were 
cut to simulate the segments of a commutator, the wear stopped 
after an initial period of relatively rapid wear. This indicates that 
the brush is sufficiently well oriented so that negligible wear takes 
place after the surface irregularities of the plate are filled and the 
peaks covered over with an oriented film of graphite. 


Errect or DirrereNtT Merat Surraces on Carson-Brush 
WEAR 

The wear rates in dry nitrogen of several metals are given in 

Table 1. The silver, gold, and nickel were electroplated onto a 

copper surface which -had been abraded with No. 1 French em- 

-ery. The chromium and the rhodium were plated on a copper 

surface which had been finished with No. 1 French emery, the 
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thickness of the plates being 0.002 in. and 0.000005 in., respec- 
tively. After a wear rate had been established in dry nitrogen, 
the plate was replaced with one of polished copper and a rate de- 
termined. The values given in Table 1 are the ratios of these two 
determinations, that is, the values are referred to a rate for copper 
of 1 mm per min. 

Although the number of metals is not very large, it is note- 
worthy that there is a tendency for the dusting of carbon to de- 
crease as the hardness of the metal increases. The correlation is 
not perfect, the rate on brass being exceptional. Dusting of 
brushes never took place in dry nitrogen on a polished brass 
surface. If several short trials were made with a new brush for 
each trial, but without resurfacing the plate, dusting eventually 
took place at a rate of 0.6 mm per min. This is believed to be 
due to the progressive roughening of the metal surface which took 
place before the edges of the graphite slip planes were oriented 
into the nonwearing position. It has been shown that very high 
local temperatures are produced at the interface between two 
rubbing solids (7); although the nitrogen was carefully purified, 
enough oxygen was certainly present to allow a thin oxide film to 
form on the base metal at these temperatures.’ The nature of 
this oxide film probably determines to some extent the type of 
wear behavior to be expected. It is possible that the nature 
of the oxide film on brass is such that it aids in the prevention of 
dusting. : 

The surface of chromium, in addition to being, very hard, is 
covered with a continuous highly protective oxide film. This 
combination is apparently ideal for preventing dusting of carbon 
under the conditions prevailing in these tests, where the surface 
was relatively smooth and no current was flowing. On such asur- 
face, however, the area of metallic contact is microscopically 
small, because much of the load is supported by an insulating 
oxide film. Therefore the contact drop will bee very high and 
poor operation electrically would be expected. Rhodium is a 
metal which is almost as hard as chromium, but, being a noble 
metal, it forms no oxide film at room temperature and therefore 
has good contact characteristics. To see whether carbon brushes 
would fail to dust on such a surface, runs were made on rhodium- 
plated copper. The results were the same as for chromium, a zero 
wear rate being obtained in dry nitrogen: 


Errect oF RouGHNESS oF Merau SurraceE on BrusH WHAR 


In order to determine the effect of roughness of the metal sur- 
face, chromium and rhodium were plated on copper surfaces 
which had been abraded to different degrees of roughness. The 
results for chromium in dry and moist nitrogen are given in Table 
2. For the roughest surface, the dusting rate was so high that 
the brush wore out in a little over 1 min in dry or moist nitrogen. 
For the surface sandblasted with 150-mesh emery, the dusting 
rate in dry nitrogen was still very high, but a small effect of mois- 
ture became evident. The effect of moisture began to become 
evident for the surfaces sandblasted with 180 and 200-mesh 
emery. The results are shown in detail in Fig. 10. The surface 
treated with 180-mesh emery gave a more moderate rate in 
dry nitrogen than the rougher surfaces but the rate was still very 
high in moist nitrogen. This rate decreased steadily over a period 
of about 4 min and eventually became zero. The surface treated 


TABLE2 EFFECT OF ROUGHNESS OF CHROMIUM SURFACE ON 
WEAR OF CARBON BRUSH 


-—Rate of wear, mm per min— 


Surface finish Dry Ne Moist Nz 
Sandblasted, no. 90 grit. cee ee ee oe 16.3 16.3 
Sandblasted, 150-mesh emery............... 12e2 9.2 
Sandblasted, 180-mesh emery............... 3.8 0.04 
Sandblasted, 200-mesh emery.............. 0.04 0.0 
Abraded, no. 1 French emery............... 0.0 0.0 


@ Wear rapid initially; equilibrium value given, 
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with 200-mesh emery started to wear the brush at a rate of 2 mm 
per min in dry nitrogen but decreased during the next 10 min to 
zero. In a repeat run the rate was zero from the start. The 
brush surface was strongly oriented at the conclusion of the test 
and did not dust when run in dry nitrogen on polished copper. 
For smoother surfaces zero rates were always obtained. Similar 
results were obtained on rhodium-plated surfaces. 

These results point to another hazard in the use of a hard ma- 
terial, especially if it has poor contact characteristics. Under 
conditions of high current loading, where sparking with conse- 
quent roughening of the surface is certain to take place, it would 
be expected to ¢ause severe dusting wear even under normal at- 
mospheric conditions. 


Discussion 
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Recent researches have indicated that when two solid metals ; 


come together, the pressure on a very small area of contact due 
to minute irregularities is so high that plastic flow and conse- 
quent welding take placé (7, 8). The area of the welds will be 
determined by the hardness of the metal surfaces, and by the 
characteristics of the surface oxide film. The frictional force 
may be considered as the sum of two forces, that necessary to 
shear the welded junctions, and that necessary to drag the sur- 
face irregularities of the harder metal through the softer one (8). 

The results obtained in the present studies are consistent with 
. this theory, if we:assume that in the absence of water, a process 
analogous to welding of metals takes place at points on the carbon 
surfaces, and if we assume further that some of these welds are 
brought about by carbon to carbon bonding. This would mean 
that dusting wear is caused at least in part by the breaking of 
carbon to carbon bonds (9). The water or other lubricant, by 
adsorbing on the surfaces, would appear to reduce the number 
of bonds by keeping the surfaces a greater distance apart; also 
by chemisorbing on those crystal edges that are exposed by bond 
breaking, the water lowers the friction and the crystallites are 
stroked into a position such that their basal planes are in the 
plane of the surface. 

A brush surface consisting of randomly oriented graphite crys- 
tals will be relatively soft. Therefore the area of contact between 
such a surface and the rotating surface will be large, and the 
force required to shear bonds correspondingly large. The edges 
and corners of the crystals are clearly hard enough to scratch most 
metal surfaces, Fig. 8a, 8c. When motion takes place in the ab- 
sence of moisture or other adsorbed lubricant, the ploughing ef- 
fect of the crystal edges and of the metal projections thus created 
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causes the ploughing component of the frictional force to be very 
high. 

When motion takes place, a film of carbon is immediately de- 
posited on the metal surface, with a bond strength greater than 
that between crystal planes. In the presence of adsorbed lubri- 
cant, both surfaces soon become cleavage faces of graphite, a con- 
dition which is ideal for minimum friction on Bowden’s theory. 
The cleavage face of the graphite is almost as hard as diamond, so 
that the area of the contact between the surfaces will be low. 
Therefore the force necessary to break the bonds between surfaces 
will be very low, since it will only have to be sufficient to over- 
come a small number of weak bonds between cleavage planes. 
The ploughing force will be very low for the same reasons. 

The behavior of the brushes on smooth chromium and rhodium 
is consistent with the foregoing condition, because these metals 
are hard enough to resist scratching by the crystal edges. The 
ploughing force will be low even in a dry atmosphere; the strong- 
est orientation observed was, in fact, found on brushes run on a 
chromium surface. : 

The initial behavior of the oriented preparations on a rough 
copper surface in dry nitrogen, and of a disoriented brush on 
chromium plated on a rough surface, as shown in Fig. 10, are also 
consistent with this condition. The ploughing force accounts for 
the wear until the valleys are filled up, but becomes negligible 
when the metal surface is overlaid with an oriented layer. The 
friction was actually observed to fall steadily with time as wear 
decreased, and reached a constant low value when the wear be- 
came negligible. The difficulty in producing dusting after opera- 
tion in room air, and the lag on changing from a moist to a dry 
atmosphere, are also consistent with this theory. 

The use of oriented brush preparations in practice introduces 
several new problems. Such brushes will be relatively weak lat- 
erally; they will have a lower resistance tangent to the rubbing 
surface than normal to it, which is contrary to good practice. It is 
believed that these difficulties can readily be overcome by brush 
and holder design for most practical purposes. Brushes cut from 
oriented preparations have not been run on generator commutat- 
ors. It is not known what effects the curved surface of the com- 
mutators will have on the ability of these brushes to resist high- 
altitude wear. 
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Discussion 


R. H. Savace.‘ The impressive experiments of the authors on 
the effects of the graphite-crystal orientation upon wear were con- 
tinued in an additional study by the writer during the summer of 
1947. For this new work several graphite specimens designated 
“single crystals” were obtained from Ward’s Natural Science 
Establishment. These were supplemented by several other 
specimens which the writer obtained in the graphite deposits of 
the Adirondacks, 3 miles northwest of Ticonderoga, in the‘‘ Lead 
Hill” region. These were obtained by breaking open a few peg? 
matite rocks of Grenvillian origin® and separating the enclosed 
crystals by hand. The best of these graphite specimens were 
thin plates averaging 1 sq cm in area on the cleavage faces and 
showed slight or negligible damage from handling. 

The graphite plates were mounted individually for the wear 
study by a mechanical device designed expressly to avoid surface 
contamination by foreign traces of organic or inorganic impurity 
either of which would tend to form adsorption films upon the ear- 
bon atoms and thus mask the intrinsic lubricating characteristics 
of the graphite. Each graphite plate was cut into a square or 
rectangular shape and was mounted firmly with one of its cleay- 
age surfaces against the end of a carbon rod of 6.2 mm sq cross 
section by means of two L-shaped copper side pieces which were 
bolted to the carbon rod with a jeweler’s screw. All of the parts 
used in the assembly had been cleaned and the graphite was 
handled with forceps. 

During the mounting it was found that a few lamellae coyld be 
separated at one edge of the graphite plate with a clean razor 


blade, and these could then be peeled off with tweezers so as to | 


produce fresh cleavage surfaces. In some instances there were 
thus formed large optical mirror surfaces. The physical proper- 
ties of these graphite crystals, as revealed under the microscope, 
were remarkable in contrast to those of powdered graphite. It 
was noted, for example, that the flat cleavage face cannot stand 
concentrated pressure and fractures easily. The result is a fault 
on the surface which provides a splinter edge. If such splinter 
edges are developed during the process of rubbing friction, it is 
clear that the projecting edges may interlock with microscopic 
protrusions on the opposite surface so that the crystal face is 
ripped open. a 

It was further observed during the peeling of the brush faces 
that successive lamellae were accurately parallel and that the 
lines of secondary cleavage occurred consistently at the same 
angle (estimated to be roughly 0 deg, 120 deg, or 240 deg from a 
reference line perpendicular to the hexagonal axis). This in- 
dicated an almost perfect degree of orientation for this work. 

The first of the crystalline graphite samples to be tried, after 
mounting on the carbon rod, was placed in a special brush holder 
so as to press against a copper rail of 2mm width and 10 cm diam 
which had been formed by machining two concentric grooves in 
the face of the copper disk. The grooves provided clearance for 
the feet of the copper pieces so that only the main cleavage face 
of the graphite crystal bore against the brush track which was the 
top surface of the rail. A normal force of 100 to 200 g was used 


4 Research Laboratory, General Electric Company, Schenectady, 
IN Yi. 
5“‘The Adirondack Graphite Deposits,’ by H. L. Alling, New 
York State Museum Bulletin No. 199, 1918. 
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on these brushes. The copper rail was machined to as smooth a 
surface as could be conveniently done in the laboratory and the 
burrs were removed with great care. The disk was then cleaned 
with solvents, followed by cathodic degreasing in sodium-carbo- 
nate solution, rinsed, and dried quickly under vacuum. 

When the first crystalline sample was tried as a brush with the 
face exactly flat on the rail, a rapid scaling occurred so that it was 
necessary to stop the run before a trial in a dry atmosphere could 
be made. It was found preferable to mount the brush at a slight 
angle from the normal (<5 deg) so that the leading edge of the 
brush could not quite touch the rail, the load being distributed 
on the part of the face toward the trailing edge. 

Having established stable sliding conditions a fresh oriented 
crystalline graphite sample was operated in a water-vapor atmos- 
phere in our friction apparatus,® and the wear rate was observed 
to be relatively low. After a short run the water vapor was re- 
moved by condensation on a trap containing liquid nitrogen 
(—196 C). Within 10 sec the friction increased to 300 per 
cent of normal, and the wear rate became high. Within 5 min 
the graphite was worn through, and a deep geoove had been cut 
in the carbon backing above it as a result of the dusting wear (see 
Fig. 11 of this discussion). 


WEAR GROOVE FORMED BY RAIL 


-SIOE FRAGMENTS OF GRAPHITE 
PLATE SHOWING TORN LAMELLAE 


PART OF CLEAVAGE FACE OF 
GRAPHITE PLATE NOT WORN 


COPPER SIDE-GIECE es 


COPPER SIDE-PIECE 
PART OF GRAPHITE 


PLATE : 
BRASS SCREW 


CARBON ROD( BACKING) 


Fie. 11 CRryYsTaLLINE-GRAPHITE SAMPLE BisecTED BY SEVERE 
Wear WHEN OPERATED IN VaAacuUM WiTH CLEAVAGE PLANE 
APPROXIMATELY PARALLEL TO ROTATING SURFACE 


In another experiment an ordinary graphite brush was oper- 
ated on the rail in a rather long preliminary run intended to pol- 
ish the surface and to form an oriented graphite film. After the 
film had been formed this brush was removed, and was replaced 
with a new crystalline-graphite plate mounted on a rod as de- 
scribed. This plate was operated first in moist air, and then in 
water vapor at a pressure of several millimeters (mercury), with 
low wear rate and low friction. Lastly, the water-vapor pressure 
was lowered to about 100 microns. Immediately following this, 
the friction became high and within 1 min the crystalline sample 
of nearly 1 mm thickness was worn completely through (see Fig. 
12 of this discussion). The angle which the cleavage face made 
with the plane of motion in this run was estimated as 3 deg 2 min. 

These experiments clearly indicate that graphite crystals, held 
with the basa] plane approximately flat on a rotating copper disk, 
do require for their lubrication a pressure of water vapor greater 
than 100 microns, or some other substance in considerable con- 
centration. In vacuum, or even in water vapor at the low pres- 


8 See reference (9) of paper. 
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sure of 100 microns, they seize and disintegrate into small carbon 


fragments. 
The authors’ experiments show that the orientation of the 
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Fig. 12 CrYSTALLINE-GRAPHITE SAMPLE BISECTED BY SEVERE 
Wear, AND GROOVE ForMED IN CARBON BacKING BY COPPER 
Rarzt, WHEN Opreratep WITH CiEavace PLann APPROXIMATELY 
PARALLEL TO RoTATING SURFACE 
(Wear rate about 1 mm per min,) 


graphite is an important factor, but this supplementary work 
indicates that it is not the controlling factor. Its importance and 
function would seem to require still further clarification, possibly 
with special emphasis placed upon the surface finish of the metal 
base and upon the removal of inorganic impurities such as iron 
oxide which are frequently present in natural graphite and which 
tend to form lubricating films by adsorption upon the surface 
carbon atoms.? This viewpoint is supported not only by our 
recent experiments as just described, but also by the authors’ 
observation that ‘‘the degree of orientation found on brushes and 
track in the no-wear condition was variable.” 

The writer, along with others interested in this subject, would 
be glad to have an additional description of the possibilities of 
the electron-diffraction method in estimating the degree or per- 
centage of orientation of the crystals, and also in determining the 
average angle of tilt, if any, which the crystals might in some in- 
‘stances make with respect to the plane of the base upon which 
they are deposited. 

The authors present a conclusion of considerable practical 
importance in stating that the accelerating effect of current on 
brush wear (noted in engineering practice) is due to evaporation 
of contaminants and to the mechanical effect of irregularities 
produced on the commutator surface by sparking. In this con- 
nection it should be noted that the authors’ statements as to the 
effect of current ‘‘up to 114 amp per sq in.”’ may require qualifica- 
tion when translated into engineering terms. 

The area of real contact of a brush face may be considered to be 
proportional to the first power or to slightly less than to the first 
power of the normal force. It follows that the thermal effects of 
the current in the zone of interfacial contact will be roughly pro- 
portional to the number of amperes per unit of force rather than 
per unit of gross cross-sectional area. Thus the number of 


7 It is anticipated that the efficiency of such impurities, in the role 
of adjuvants, may be greatly affected by the orientation of the graph- 
ite crystals at the surfaces of sliding; also that the graphite-film for- 
mation and the associated process of crystalline orientation will be 
affected by the surface finish. 
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amperes per square inch has small significance when not related to 
the force. The writer suggests accordingly that a ratio of much 


greater significance than the customary expression “amperes per 


square inch” is the “number of amperes per unit of force.” 


On large machines a representative ratio is 75 amp per kg, and © 


frequently this will represent 12 to 24 amp per sq cm (or roughly 
75 to 150 per sq in.). The-authors’ figure of “114 amp per sq 
in.” represents only 2amp per kg. It would seem therefore that 


the authors’ conclusions in regard to current effects on brush ~ 


wear, as determined in their apparatus, should be applicable / 


mainly to “low current-density equipment.” 

In instances where high currents are passed through brashet 
during periods of water-vapor lubrication, a large rise in the fric- 
tion may be observed and this may be easily understood as re- 
sulting from the depletion of the adsorption film by increased 
evaporation rate at high surface temperature. Thus the “elec- 
trical wear’ of brushes may be due not only to the evaporation of 
contaminants in some instances, as stated, but also in other in- 
stances, to the increased evaporation rate of the ‘‘transient’’ 
adsorption films (in distinction to contaminants), and to the ero- 
sive effects produced at high currents per unit of force (not neces- 
sarily attended by sparking). 

Taken as a whole, the authors’ work is an important contribu- 
tion to our knowledge of graphite brush wear, and the funda- 
mental quality of the work is unusual in the field of brush wear. 


AuTHors’ CLOSURE 


Mr. Savage’s ingeniously conducted experiments certainly cast 
doubt on the fundamental lubricity of the graphite crystal cleav- 
age faces which is assumed in our paper. He has suggested that 
inorganic impurities were responsible for the orientation effects 
described. Unfortunately, no effort was made to determine the 
nature and amount of impurities in the natural graphite which 
was used, and no sample is now available. Therefore this ex- 
planation cannot be confirmed or refuted now. 

Our experimental methods were very different from his, so that 
some unknown variable may have caused the difference in results. 
Leaving this possibility aside, another explanation, which brings 
both sets of experiments into line, suggests itself. If it is as- 
sumed that adsorption takes place much more readily on the 
faces than on the edges of the crystals, then, at a given low pres- 
sure of adsorbent, a thinner layer will be present on the edges than 
on the faces. It would also be likely that the limiting pressure 
above which dusting effectively stops would be lower for the face- 
on than for the edge-on condition. If these assumptions are cor- 
rect then we were operating over a range of partial pressure of 
water in which we were aboye the limiting pressure for the face-on, 
but well below it for the edge-on condition. 

The dew point of the nitrogen in our experiments was —50 C 
to —40 C, that is, the partial pressure of water was 30 to 100 
microns. Mr. Savage obtained wear on the cleavage faces of 
graphite in this pressure range. Since he was operating in vac- 
uum his surface temperatures were probably very much higher 
than ours, which would explain a higher limiting pressure in his 
experiments. It is possible that 30 microns of water is sufficient 
to prevent wear on the cleavage faces of graphite at our lower 
surface temperatures. 

The point regarding current and dusting is well taken. Our 
conclusions were not intended to apply to higher current densi- 
ties than those investigated. 

There is a good possibility that electron diffraction can be used 
successfully for estimating the degree of orientation of crystals 
and the angle of tilt they may make with respect to the plane of 
the base upon which they are deposited. 


Large Hydraulic Forging Presses 


By M. D. STONE,! PITTSBURGH, PA. 


An historical account of the art of forging is given, which 
traces the development of the machines used, culminating 
in the 14,000-ton forging presses built for the U. S. Navy 
during the recent war. Two forging presses of this size 
were built and installed at the Naval Ordnance Division 
Midvale Steel Company, Philadelphia, Pa., and at the Naval 
Ordnance Plant, South Charleston, W. Va., respectively. 
In one case an electric-drive pump system working in 
conjunction with a hydropneumatic accumulator is 
used as the power plant, while the other is of the steam- 
hydraulic type. A detailed account of the design, con- 
struction, installation, and operation of each press is given 
as well as comparative performance data, cost studies, and 
the like. Numerous other installations of heavy stamp- 
ing or die-forging presses of various types and capacities 
up to 30,000 metric tons at the I. G. Farben Company, 
Germany, are described at some length. 


History of HypRavuic-Press DEVELOPMENT 


HE art of forging—the working and shaping of metal— 
is old, dating back to almost 4000 B.C. For many cen- 
turies, however, this art was manual. It was not until 
about 1500 A.D. that hand hammers were replaced by tilt ham- 
mers; at first powered by water wheels, and later, around 1750, 
by steam engines. The tilt hammer was followed by the steam 
hammer, and then by the hydraulic forging press, which con- 
stitutes the subject of this paper. 

By the forging press is meant that hydraulic machine whose 
operation cycle consists of lowering the top forging tool onto the 
work rapidly, applying full pressure as required at some reduced 
speed, and rapidly raising the top tool for further manipulation 
of the workpiece prior to the next forging stroke. Another re- 
quirement of the forging press is its ability to make a rapid suc- 
cession of light planishing strokes, say, up to 50 per min, such as 
are used in rounding up a cylindrical forging. In addition, such 
a press should be able to be stopped and held stationary at any 
intermediate position within its stroke range. In this way we 
' differentiate between the rapid-action or hammer-type press, 
which may operate up to several hundred strokes per minute, 
utilizing the inertia force of the moving head to perform work 
on the one hand, and the hydraulic die-forging or stamping 
press on the other, where relatively slow advancing and press- 
ing speeds are involved (usually the same), as well as lifting 
speeds. Such latter presses have relatively smaller column spac- 
ings and the loadings are central, although extremely large press- 
ing capacities may be involved. 

In particular, we are concerned with large-size forging presses, 
as this paper will describe two 14,000-ton presses built for the 
United States Navy during the recent war, and installed at the 
present time in the Naval Ordnance Division, Midvale Steel 
Company, Philadelphia, Pa., and the Naval Ordnance Plant, 
South Charleston, W. Va., respectively. 


1 Manager, Development Department, United Engineering and 
Foundry Company. Mem. ASME. 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tuer AMERICAN Socipty or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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The mechanical use of liquids, primarily water, as a pressure- 
transmitting medium, came long after its use in power machin- 
ery. Whereas water wheels and mills were in use in old Roman 
times and earlier, the invention of the hydraulic press was as 
recent as 1795, by Bramah in England, following the enunciation 
by Pascal in the preceding century that “water pressure exerts 
itself in all directions alike, in a closed container.” This original 
press had a single cylinder in the base, with the ram acting up- 
ward. 

It was not until about a half century later that Bramah’s 
countrymen initiated the era of hydraulic machinery, when John 
Fox in 1847, first suggested its use as a forging machine. Its 
early applications were in competition with the more prevalent 
hammers in use at. the time, particularly the then recently de- 
veloped steam hammer of Naysmith, invented in 1839. The dis- 
advantages of the Fox machine were largely eliminated in the 
Dubs press of 1853 and the Haswell press of 1861. 

Fox’s press (and similar ones built by Bessemer) was merely a 
Bramah press, whose bottom platen was replaced by the lower 
forging tool, which moved, and whose upper platen carried the 
fixed forging tool. Bessemer’s presses introduced the idea of an 
adjustable upper platen by means of a large screw at the top, 
to allow the use of shorter-stroke hydraulic cylinders which were 
easier to manufacture at that time. In these presses the work 
was necessarily lifted each time a forging stroke was made, hence 
manipulation of the work could not take place until the press 
head was readied for the next stroke. Return of the movable 
forging tool of course was by gravity. 

The Haswell press, and concurrently the Whitworth press, 
overcame the objections cited by inverting the design. It con- 
sisted essentially of an hydraulic cylinder, held in the upper 
platen, containing a ram which pointed downward, and had at- 
tached to its lower end a toolholder and forging tool. With 
these designs came the first introduction of the pull-back cylinder, 
to raise the tool rapidly after the forging stroke. In the Dubs 
press, the main cylinder was double-acting, and thus served 
doubly for pressing and raising. The Haswell press first intro- 
duced the idea of two separate pull-back cylinders, arranged 
symmetrically on either side of the main press cylinder. Whit- 
worth later reintroduced Bessemer’s earlier idea of an adjustable- 
stroke press, by mounting the press cylinder on a movable-top 
platen, whose position was varied by gear-driven nuts mounted 
in the movable platen engaging the threaded columns, Fig. 1. 

Sir Joseph Whitworth and his managing director, Manassah 
Gledhill, having earlier utilized presses on a large scale for forg- 
ing purposes, around 1861 fitted out several of their presses with 
hydraulic cranes and rotating gear for easy and rapid handling 
of the work, and may be said to have really put the forging press 
on a solid foundation as an industrial tool. 

Press construction altered little until 1884, when Davy Brothers 
in England made a notable advance, still used in many modern 
presses. As will be discussed later, earlier presses were poorly 
designed to withstand any appreciable degree of eccentric loading, 
and Davy’s design, shown in Fig. 2 was the first to overcome 
largely the previous shortcomings of column breakage, and cylinder 
and packing failures. The single forging cylinder was replaced by 
two cylinders, with pintle-type rams acting against an inverted-T- 
type movable crosshead. The vertical leg of the crosshead slid 
up and down within a central guide tube, with the bottom of the 
crosshead held in close sliding relationship with the four press 
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Fig. 1 Earzty Bessemer Press, AROUND 1860, AND Earty WHitT- 
WorTH Press, AROUND 1875 


columns. Smaller presses were also constructed by Davy re- 
taining this special form of crosshead, but utilizing a single-press 
cylinder, in which the vertical leg of the crosshead served the 
dual purpose of pressure ram and guide stalk. This latter con- 
struction was an obvious compromise. 

Some few years later, Breuer and Schumacher in Cologne, who 
had entered the forging-press field, took another step forward in 
press construction adapted to off-center forging when, in 1891, 
they brought out a press equipped with extra oblique columns 
connecting the upper entablature with the press foundation as 
shown in Fig. 3. As will be analyzed later, this construction still 
further decreased press-column bending stresses, over the Davy 
construction, and helped still further to minimize column break- 
age which was of all too frequent occurrence. 

The most recent press construction, which practically elimi- 
nates column bending stresses due to eccentric forging, will be 
described later and constitutes one of the major design advances 
in the new United heavy forging press, constructed for eccentric 
loading, such as is encountered in forging and rectifying armor 
plate, plate bending, and so forth. 
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Fig.3 Earty Stram-Hypravutic Press, SHOWING OBLIQUE STRUTS, 
BREUER AND SCHUMACHER, 1891 


Typres or HyprauLic Power PLANTS 


Along with the advances made in press construction. proper, 
were the several important steps in the types of hydraulic power 
plants used to actuate the press heads. The earliest presses, 
from Bramah on to Whitworth, all employed the direct-pumping 
or pure hydraulic type of power plant. In the case of Bramah, 
it was a hand-operated single-plunger pump. In the case of 
Whitworth, steam-engine-driven rapidly controllable multi- 
cylinder pumps were used. While the important invention of 
Bramah’s associate, Maudesley, in 1796, of the U-leather, per- 


Fie. 2 ForrrunNnEeR or Mopnrn Foreine Press, py Davy Broruers, 1884 
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mitted hydraulic pressures of only a few hundred pounds per 
square inch to start with, Whitworth was building presses in 
the 1860’s, utilizing hydraulic pressures of the order of 6000 psi. 

It was around this time that Benjamin Walker of Leeds, in- 
troduced the idea of a dead-weight accumulator in the main 
pressure system. This permitted better steam economies in 
steam-driven pumps, which could now be fitted with flywheels, 
thus taking advantage of the expansive properties of the steam. 
Under such conditions of course the engine could not be stopped 
and started in accordance with variable water demands, and it 
was the accumulator system which permitted this necessary 
control. Then, too, the use of the accumulator permitted higher 
ram speeds without the attendant hydraulic shocks when stop- 
ping a long column of relatively incompressible water, particu- 
larly under planishing conditions. : 

Shortly after this time the Bochum press was built in Germany, 
with the first hydropneumatic accumulator used in the main hy- 
draulic system, removing still further even those hydraulic 
shocks associated with the sudden’stoppage of the falling weight 
of the accumulator itself. 

The use of accumulators of course introduced the uneco- 
nomical feature of requiring that a full stroke of high-pressure 
water be utilized at each request of service from the press, even 
though much reduced pressure would suffice. For this reason, 
firms such as Whitworth and Davy retained the direct pumping 
system for a long time, and bent their efforts toward better 
steam-engine control to provide quick stopping, starting, and the 
like. The subsequent use of electric-drive pumps, and better 
pump-unloading devices greatly eased these problems. 

Attacking the same problem along somewhat different lines, 
Shanks & Kohn, in 1863, patented the steam-hydraulic intensifier 
and applied the device to a forging press. However, the press, 
as then designed, was objectionably slow. In 1884, Breuer & 
Schumacher adopted this design and built the first commercially 
successful steam-hydraulic forging presses, as shown in Fig. 3. 
The lifting cylinders were direct steam-operated. As can be 
seen, the intensifier was built with the steam cylinder below, 
and the hydraulic cylinder above, with short hydraulic piping 
overhead from the intensifier to the main press cylinder. 

_ Subsequent designs utilized an inverted type of intensifier, 
which claimed better accessibility of working parts, and the 
elimination of the relatively stiff hydraulic connection, which 
was said to transmit vibrations. A major disadvantage arose 
from the fact that the machine did not return to its initial posi- 
tion by gravity. The firm of Haniel & Lueg, of Dusseldorf, for 
instance, mounted the inverted steam-hydraulic intensifier di- 
rectly on top of the forging press. While the arrangement was 
compact from a floor-space point of view, it involved excessive 
building and crane heights, but even more undesirably, it re- 
quired the hot steam piston rod to dip directly into the cold pres- 
sure water. In addition, should the forging resistance be taken 
away suddenly, such as happens when a cutting tool comes 
through the work, or when a forging falls off the anvil, the com- 
bined downward action of the steam cylinder plus gravity un- 
necessarily punished the lower head of the intensifier cylinder. 

With the early departure from the Fox type of gravity-return 
forging crosshead, lifting or pull-back cylinders and associated 
power systems became a necessary and integral part of all press 
installations. In the early Dubs and Haswell presses, the press 
heads were raised by diverting the pressure water from above the 
main pressure cylinder to below the pull-back cylinders, thus 
entailing an extra operation and its attendant delay. The early 
Whitworth presses of the 1860’s introduced the idea of a dead- 
weight accumulator in the pull-back-cylinder hydraulic circuit, 
still utilizing the one set of pressure pumps for the dual service. 
The pull-back system pressure was maintained high, of the order 


“and the like. 


of 4000 psi, and was provided by the steam-engine-driven pumps 
feeding directly into the weighted accumulators. The squeeze 
was obtained by allowing the water to pass directly into the 
press cylinder instead of into the accumulator, so that the pres- 
sure was obtained directly from the pumps to the press ram. 
When water was not required, a by-pass valve was opened, 
permitting the pumps to operate in an unloaded condition. 


INTRODUCTION oF DuAL HypDRAULIC SYSTEM 


The Walker press, mentioned earlier, was the first to intro- 
duce the idea of two separate hydraulic systems; one for the press- 
ing operation, and one for the lifting. Both systems utilized 
dead-weight accumulators, the main systems working as high as 
5000 psi, while the pull-back system pressure was of the order of 
750 psi. This auxiliary system was also used to operate the 
cranes, auxiliary apparatus, and particularly a newly intro- 
duced set of horizontal cylinders located below floor level, which 
served to draw the anvil out so that the bottom tool could be 
changed easily by the overhead crane. The Bochum press oper- 
ated similarly to the Walker, with the added feature that the 
low-pressure system was used also as a prefill system, to bring the 
head down more rapidly on the work prior to the application of 
the main squeeze. 

The revolutionary Davy press of 1884 also introduced modi- 
fications in the auxiliary cylinder system. Steam was used for 
the first time as a source of constant pressure on the underside of 
the pull-back cylinders, and a low-pressure (60 psi) system, loaded 
by an air receiver, was utilized for prefilling the main pressure 
cylinder and supplying suction water for the pumps. The 
pumps, as mentioned earlier, were started up for each piercing 
operation, being driven by steam engines of the high-speed fast 
accelerating type, without flywheels. In later developments of 
the steam-hydraulic forging press, steam-powered pull-back 
cylinders were utilized almost universally, except for the very 
large presses, when the cylinders involved became too large and 
a special hydraulic system was again resorted to. Improve- 
ments in press operation in the later Davy machines were ob- 
tained by connecting the lower side of the pull-back cylinders 
to the upper side, when lowering, so that the steam was recir- 
culated. This action served to speed up the press operation by 
virtue of increasing the pressure on the top side of the cylinders at 
the same time that it was decreased on the bottom side, and 
served to improve steam economy to some extent by reducing 
condensation losses. 


DEVELOPMENT OF PRESS AUXILIARIES 


Of historical as well as contemporary interest too are the 
development in press auxiliaries, such as cranes, rotating gears, 
As mentioned earlier, the Whitworth Company 
first used such devices, and Walker introduced the hydraulic tool- 
changing rig some years later. Many years elapsed, however, 
until traveling forging ingot manipulators were used for handling 
the work rapidly in and about the press. Such machines, built 
along the lines of furnace chargers, were first developed in the 
United States about 1920, by the Alliance Machine Company. 
In the meantime, particularly for the larger presses handling 
such items as armor plate, hollow gun tubes, and the like, the old 
Walker tool-changing rigs were amplified into quite massive work- 
manipulating rigs, as well, and have become an essential adjunct 
to such installations. 


ConTROL GEAR 


Perhaps the smallest item about a forging press, and yet one of 
great importance, is the control gear. Great strides have been 
made here, too. In the original Bramah press, where practically 
no valve gear was involved, the press was actuated by a hand- 
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operated pump, and permitted to return to its starting position 
by opening a release valve. The utter slowness of the press was 
of course greatly improved in the first commercial presses. Of 
these, during the last quarter of the preceding century, the Whit- 
worth and original Davy presses were controlled by two operat- 
ing levers. As these were both direct-pumping presses, steam 
driven, one lever was required to operate the valves to both the 
main cylinder and the lifting cylinders, and the other to regulate 
the pumps by controlling the steam inlet throttle to the engines 
or to unload the pumps themselves, as the particular operating 
arrangement required. 

At the beginning of this period, pressing speeds were of the 
order of lips, with raising and lowering speeds about 2 ips, with 
delay times due to valve manipulation of the order of 20 to 30 
sec. Thus frequencies of press operation of 2 to 3 strokes per 
min were the best obtainable. The Bochum press mentioned 
earlier, using a pneumatic accumulator in the main system and a 
dead-weight accumulator in the pull-back system, was the first 
to introduce the desirable simplification of the single operating 
lever which contributed greatly to the remarkable performance of 
the press at the time. The complete sequence of operations, 
four in number, was controlled from the one lever through hy- 
draulically actuated pilot valves. The first position released 
the pressure from the main cylinder, permitting the press to rise 
automatically by virtue of the separately powered pull-back 
cylinders. The second position was for holding the press at any 
level; the third for admitting the prefill pressure; and the fourth 
position for admitting the high pressure. A 4000-ton press of 
this design was capable of operating at 30 strokes per min for 
planishing, and established a record performance at that time of 
some 30 tons of forgings per day. 

With the adoption of the steam-hydraulic system by Davy 
Brothers in the early part of this century, a greatly improved and 
speeded-up control gear was developed, utilizing the single-lever 
mechanism, in which was introduced for the first time the “follow- 
up” idea in press control. _ This device permitted the operator to 
control the press as to motion and speed exactly proportional to 
his manual movement of the control lever, and so speeded up the 
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operation that manipulations up to 60 strokes per min were at- 
tained in large presses, and 150 strokes per min on small presses. 
Several additional improvements were made subsequent to the 
introduction of the Davy press into this country by the author’s 
company in 1909. 

Fig. 4 shows a typical up-to-date Davy-United press system, 
operated from a single lever, and involving several steam-saving 
features, all automatically worked into the control system. As 
shown in the figure, the press is in the standing position, with 
valves A, B, and # closed. Valve A, when open, permits steam 
to flow from the bottom to the top of the intensifier. Valve B 
is the main steam-exhaust valve; and valve #, the prefiller 
valve, acts as a simple check to permit flow from the prefiller 
tank when pressure in the main cylinder is lower than that in the 
tank, and as a mechanically operated valve to return water to 
the tank at the will of the operator. Valve C, the main steam- 
inlet valve, is opened by advancing the operating lever to the 
“pressing” position, through the action of the floating lever. 
As the intensifier rises, through the action of the slanted control 
bar, the valve is closed again. In this way a smooth follow-up 
motion is obtained, as mentioned earlier. Just as valve A oper- 
ates to connect opposite ends of the intensifier, so does valve D 
act to connect opposite ends of the pull-back cylinders, during 
lowering of the press head. The introduction of valves A and 
D, absent in the earlier control system, has led to more rapid 
press operation and improved steam economy. 


Hicu-Spreep 14,000-Ton Press 


When the problem was posed early in the recent war of con- 
structing two 14,000-ton high-speed forging presses with the 
exacting requirements of heavy on-center shaft and gun-forging 
work, rapid planishing operations, together with heavy off-center 
work, such as is required in the forming and rectifying of armor 
plate, it was only natural that the whole art of forging-press 
design and operation was critically examined. Particularly was 
the last requirement of considerable and challenging importance— 
where full pressure forging, from 4 ft to 6 ft off center was speci- 
fied. Many cases of cylinder-packing destruction and main- 
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column breakage, resulting in agonizing operational delays of 
long duration, pointed this problem up as one of prime impor- 
tance. ‘ 

In examining the various types of forging-press construc- 
tion from this point of view, Fig. 5(a) shows essentially the origi- 
nal arrangement of press, Fig. 1(b), in which off-center loading is 
easily seen to react directly on the glands and packings. Since 
the distance h, could not be made too long without increasing the 
ram length abnormally, serious leakage and packing troubles 
readily developed. This construction was soon abandoned by 
the early designers. 


Fic. 5 Various Typrs or Press ConstrucTion 


The next innovation was the introduction of crosshead column 
slides, illustrated in Fig. 2, which reduced such troubles, but did 
not eliminate them, see Fig. 5(b). - The distance h, which deter- 
mines the lateral reaction due to eccentric forging, can be in- 
creased considerably in this construction, and remains constant, 
as well, for all press positions, as compared to the h in Fig. 5(a), 
which necessarily decreases as the crosshead drops to its lowest 
position. In this case a lessened but objectionable side pressure 
still exists on the top gland, and as‘the press column deflects 
under the lateral reaction (now pressing against the columns), 
there is the danger that a secondary lateral reaction will come 
into play at the lower packing and the old trouble reappear in 
diminished form. At the same time, secondary bending 
stresses are introduced in the columns, which in combination 
with the primary tension stresses, are potential sources of early 
failure. 4 

In order to evaluate quantitatively the magnitudes of column 
stresses, distortions, press sway and the like, the Appendix follows 
through the statically indeterminate analyses of the press struc- 
tures of the various types being examined. However, for all 
constructions shown, from statical equilibrium considerations of 
the crosshead structure, it follows that the total lateral reaction 
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R, is related to the forging pressure P, and the amount of ec- 
centricity e, by the relationship 


Pé.= Rh 
where 


P = total forging pressure, lb 

e = eccentricity of pressure, in. 
R = total reaction force lb 

h = reaction couple arm, in. 


Owing to the fact that it cannot always be counted on that both 
pairs of columns divide this lateral reaction evenly, as indicated in 
Fig. 5(b), we have seen fit to analyze all constructions on the as- 
sumption that only the right-hand pair carry the full reaction. 
Advanced wear, or the dropping out of a set of column-guide 
slippers easily results in such a condition, 

In all the press constructions skeletonized in Fig. 5, when no 
off-center forging is being performed, the column stresses are 
pure tension and are given by (for 4-column presses) 


Bate 
So SiS es 


rs ra? 


where d = column diameter (in.). Off-center forging, however, 
introduces bending moments throughout the columns, with 
maxima occurring at different points in the columns, depending 
upon the construction and position of the crosshead during forg- 
ing, indicated by dimension b. In all cases we have called 2c 
the center distance between columns the long way of the press, 
it being understood that any appreciable eccentric forging is al- 
ways carried out along this dimension. In addition to the ten- 
sion and bending stresses, we are concerned with the press sway 
A. The importance of sway is directly reflected in the stressing 
of connecting piping from the entablature to the auxiliary ap- 
paratus, such as intensifiers, and the like, as well as its effect 
upon the distortion of associated crane structures, and even the 
press building itself. 

For the case of Fig. 5(c), we may evaluate the maximum bend- 
ing and tension stresses, and press sway from Equations [20], 
[22], and [25] of the Appendix. In order to introduce reality 
into these evaluations, we shall consider a press whose capacity 
is to be 14,000 tons (28,000,000 Ib), capable of forging 6 ft (e = 
72 in.) off-center. The requirements further are that the column 
center distances shall be 23 ft X 11 ft 6in. (2c = 276 in.), daylight 
should be 24 ft, corresponding to column lengths between base 
and entablature of 40 ft (7 = 480-in.), and the column diameters 
such that low tension stressés are obtained, say, S, = 8000 psi, 
thus choose d = 34 in. ¢. For this press, the reaction arm, h, 
may reasonably be made as large as 22 ft (h = 245 in.). 

From an examination of the critical equations just cited, 
in the light of Fig. 15, it is apparent that the highest stresses 
occur at the top of the right-hand pair of columns, when forging 
at a crosshead position corresponding to about mid-span, i.e., 
b = 1/,l1. We notice further that the column tension stresses 
increase with eccentricity, increasing some 20 per cent over on- 
center forging. For example, Equation [22] gives us as the 
maximum force per pair of columns, N» = 16,900,000 Ib, resulting 
in a tension stress of 9400 psi. The maximum bending moment, 
from Equation [20], results in a maximum bending stress of 118,- 
000: psi! This intolerably high value of course results only 
when forging at maximum load, at maximum eccentricity, at the 
least desirable crosshead location, and with only one pair of 
columns taking the eccentric thrust. Nevertheless, even under 
these conditions, the stresses must remain comfortably under the 
breaking stress. With all columns dividing the side thrust 
equally, the bending stresses are reduced by only 25 per cent. 
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In any event, the extreme and dominating importance of the 
secondary bending stresses is evident, and it becomes apparent 
why column breakage may seem inexplicable to those designers 
who have not undertaken to analyze their presses in detail, and 
. who are guided by conservative tension stresses only. The sway 
of the press under the conditions cited would be 4!/,in.!_ To re- 
duce stresses and deflections to reasonably acceptable values 
would mean to increase the column sizes by more than 50 per 
cent, requiring columns bigger than could ‘be made and forged 
properly; of the order of 55 in. diam, 65 ft long, and weighing 
500,000 lb each. It is evident that alternate press designs 
must be resorted to. 

For the case of Fig. 5(d), the maximum bending stresses are 
reduced by some 40 per cent, as demonstrated in Equation [30] 
and Fig. 17, with the nominal tension stresses and press sway 
even more desirably reduced. The maximum bending stresses for 
d = 34 in. diam, are 70,000 psi, which still indicate the neces- 
sity for considering press columns of a diameter around 50 in. 
This construction, however, introduces an interesting innova- 
tion, and large presses of recent manufacture have employed this 
principle, although using the less desirable crosshead construction 
in Fig. 5(b’) (because of the uncertainty of lateral thrust load 
division of such a stiff-legged ram construction, due to thermal or 
machining inequalities). The excessive sway of earlier construc- 
tions, resulting in objectionable pipe breakage, etc., is considera- 
bly lessened in this construction, being determined primarily by 
the extensional deformation of the struts, to be 3/;,in. For a 
press of the dimensions being discussed, a pair of such struts 
would necessarily be 75 ft long, have a cross-sectional area of 
some 400 sq in., and preferably be so constructed that they could 
take compression as well as tension, without buckling. This 
latter condition arises when eccentric forging is carried out on the 
side of the press opposite the struts. To make the press uni- 
versal, two sets of oblique struts should be used, or to avoid the 
danger of buckling, forging could be limited to one side of the 
press only. Even for a single pair of struts, a sizable base exten- 
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sion of some 50 ft is required, and considerable expense involved, 
not counting the increased building space required. 

Being dissatisfied with all these previous constructions, par- 
ticularly because of the size of the press being studied, the con- 
struction shown in Fig. 5(e) was evolved. Here it is seen that 
the entire eccentric forging moment Pe, is taken within the elon- 
gated stalk guide, there being no column guides, so that essen- 
tially there is no bending moment sustained by the columns. 
Eccentric forging moments are thus resisted by readjusted ten- 
sions in the main column pairs, the column tensions on the side 
nearest the load being increased somewhat, and on the off-side, 
decreased, as given by Equations [52]. Thus Equation [52] in- 
dicates a maximum column tension stress of 11,700 psi, compared 
with the values of 118,000 psi and 70,000 psi calculated earlier. 

The virtues of this construction therefore as a forging-press 
structure, particularly for eccentric work, are definitely estab- 
lished. Press sway, as well, is reduced to the relatively small 
amount, Equation [53], of 1/3 in.; even less than for construc- 
tion, Fig. 5(d), employing the oblique struts. 


INSTALLATION CONSIDERATIONS 


Once the choice of press structure was determined, various 
other considerations and advantages were studied. The mini- 
mum amount of floor space required, and the lack of necessity 
of struts made for easier and better servicing by cranes and ro- 
tating gear. The rigidity of the structure permitted less massive 
crane runways, structures, and building columns, so that clean- 
cut installations, as shown in Figs. 6 and 7, were possible. 

A major point of design interest is indicated by the relatively 
high top entablatures shown in these two illustrations. Two fac- 
tors led to this choice of design, i.e., desire for improved press 
cylinder supports, and the choice of conservative loading of pres- 
sure pads carrying lateral thrust loads due to eccentric loading. 
Of course a dominating consideration in designing a press of this 
magnitude is the limitation of transportation possibilities, both 
as to dimensions and weight. 
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Fig. 7 Tue 14,000-Ton: MipvaLte Press, Stream-HypravuLic 


In all previous press constructions the main pressure cylinders 
have been held in the upper entablatures by virtue of integral 
flanges around the bottom or open ends of the cylinders. Be- 
cause of restricted space conditions, which always seem to exist, 
it has been difficult to provide generous fillet radii and flange 
dimensions. As a result, too many cylinder failures have oc- 
curred as a consequence of fatigue resulting from the continuous 
repetition of press operation. Then, too, many cylinders have 
failed in fatigue from compound stressing near the top of the 
barrel, where they are reduced in diameter to afford easy bolting 
of the high-pressure piping. 

In the present construction, as indicated in Fig. 5(e), the top 
entablature is made deep enough so that the cylinders are sup- 
ported at the top, the support being compressive in nature, and 
bearing against the shoulders of the cylinders. All flanges are 
eliminated, with their attendant design difficulties. The height 
of the entablature was limited to 16 ft, which easily permitted 
the improved-type support for cylinders designed for a 10-ft 
press stroke. This depth of entablature also permitted the per- 
tinent dimension h, discussed previously, to be 12 ft, resulting in 
maximum lateral forces of 14,000,000 lb, which are properly 
taken against brass-clad steel pressure pads, having areas of 4500 
sqin.each. The resulting bearing pressures of 3000 psi are quite 
comparable with current practice in mill bearings, and are con- 
tinuously lubricated from an automatic high-pressure grease 
system. These bearing pressures usually operate at sliding veloc- 
ities of less than 15 fpm. 

In order to cast and transport the various massive component 
parts of the press properly, it was impossible to manufacture 
either the top entablature, the crosshead, or the press base from 
a single casting. As indicated in Figs. 8, 9, and 10, single cast- 
ings were restricted to 340,000 lb finished weight, with maximum 
vertical dimensions, as transported, to 17 ft 6 in., and lateral di- 
mensions to 10 ft. Thus the ‘top entablature, weighing over 
1,250,000 Ib, was made up of four castings, two asin Fig. 9 and 


two as in Fig. 10, bolted and keyed together with many properly 
located bolts. Several of these bolts, in this and other parts of 
the press, are as large as 12 in. diam and 20 ft long. The crosshead 
which weighed in excess of 1,250,000 lb was made up as three 
major castings with four smaller column shoe castings bolted on. 
The press base, also a massive structure, was made from three 
major castings, bolted together. Cylinders are 63 in. diam ID, 8 in. 
thick and were made from single alloy forgings, weighing 100,000 Ib 
each. Thecolumns, as mentioned earlier, are 34 in. diam, nickel- 
steel forgings, bored out for internal inspection, 66 ft long, and 
weigh more than 200,000 lb each. Other important component 
parts are the pressure rams, pintles, die blocks, etc., as shown in 
Fig. 11 which indicates their massiveness in comparison with the 
erector shown leaning against one of the pintles. 


AUXILIARY EQUIPMENT 


The auxiliaries for handling the forgings, or even the forging 
tools, become a major design item on presses of this magnitude. 
As can be seen in Fig. 6, trenches running at right angles to the 
major axis of the press, both front and back, house the cylinders 
and associated mechanisms of the so-called forging manipulators. 
Forgings may be straddled across the stools or chairs which will 
permit their rapid lateral shifting, the stools being actuated 
by opposed hydraulic cylinders having a 32-ft stroke. Such 
manipulator cylinders are powered from the same pressure sys- 
tem as the pull-backs, and can move large forgings requiring a 
shifting force of 300,000 to 400,000 Ib at speeds of up to 20 fpm. 

The items of control valves, shutoff valves, steam-exhaust 
silencers, etc., normally considered small items, take on unusual 
significance in presses of this magnitude. The control gear shown 
in Fig. 12, also visible in Fig. 6, is easily man-high, and the pre- 
filler valve for the Charleston press, for instance, is 8ft X 2 ft 
21/2 ft, and weighs more than 20,000 lb. 

Forging cranes, cutter-bar cranes, rotating blocks, ete., are 
likewise of unusualinterest. Both presses are serviced by 250-ton 
main cranes which may be seen in Figs.6and7. Just as manipu- 
lators are necessary for handling heavy plates and the like, so 
are rotating blocks required for forging and finishing large 
rounds. Fig. 7 shows a crane-suspended rotating block handling 
a large forging onto the manipulating gear at Midvale, whereas 
Fig. 13 shows a uniquely compact design of ring-spring-type block. 
This latter block has a spring case (shown as the cylindrical bar- 
rel in the illustration) capable of supporting a 125-ton load (one 
end of a 250-ton forging, for instance) and still permit a 3-in. ad- 
ditional extension due to misalignment on the anvil. This case, 
2 ft diam X 5 ft long, can store up 450,000 ft-lb of elastic energy, 
and is only 10 per cent of the size of earlier coil-spring models, 
thus permitting closer servicing of the forging cranes. Piping 
between units sometimes reaches 12 in. OD, being manufactured 
by boring out solid forgings, and bending hot when required, 
or at other tirhes being welded into forged angle blocks. 


Press TRANSPORTATION PROBLEMS 


The matter of press transportation, in itself, was a problem, 
even to the transferring of castings from foundry to machine 
shop, as well as to final destination. Some of the heavy, but 
more compact pieces, could be carried on a specially designed 
250-ton 16-wheel flatcar, as in Fig. 10. Other pieces, however, 
because of their maximum dimensions, had to be suspended be- 
tween two girders of a specially constructed bridge, spanning 
two 125-ton cars, as in Figs. 8 and 9. In these cases the 
pieces cleared the rails by only 3 in., and the underpasses by 6 
in. All pieces were carried on special trains, not hauling other 
freight, which were restricted to a 10-mph speed limit, to avoid 
accidental shifting or dislodgment. 
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Fie. 12 Opreratinc Conrrou Gear, CHARLESTON Press 
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PowrR PRESSURE PLANTS 


As was mentioned earlier, two 14,000-ton presses were built; 
one for 6 ft off-center full-pressure forging, and one for 4 ft. As 
might not be unexpected, the power pressure plants in the two 
cases were not selected alike. In the one case, an electric-drive 
pump system was chosen, utilizing 4500-psi water pressure, work- 
ing in conjunction with an hydropneumatic accumulator in- 
stallation. In the other, a steam-hydraulic system was in- 
stalled, utilizing 250-psi steam and 7700-psi water pressure. In 


being 16%/, in-diam. 


both cases, full-capacity pressing was provided for a speed of 3 
ips, with lowering and raising speeds of 12 ips, or greater. These 
choices pointed up the question very well, of what is the best 
type of pressure plant. In each case, the pull-backs were pro- 
vided with adequate supplies of pressure water, and equally ade- 
quate and highly sensitive controls were provided, so that even 
these massive machines were easily controlled through servo- 
mechanisms to within !/,5 in., and planishing operations could 
be carried out at up to 50 strokes per min. 

In the case of the direct pumping press, the 4500-psi-pressure 
water is supplied by four 400-gpm horizontal double-acting triplex 
pumps, 74 rpm, each driven by a 1250-hp 720-rpm motor. The 
associated hydropneumatic system is composed of six 35-in-ID, 
7-in-thick cylinders of multilayer construction, 49 ft high, hav- 
ing a total capacity of 14,500 gal. Automatic level controls 
were worked out so that pressure variations seldom exceed 5 
per cent, even for the longest-stroke operations. Lifting and 
lowering of the press head is controlled by main pressure water 
admission to and from the two pull-back cylinders, 26 in. ID, 
having 13-in-diam pull rods. 

In the case of the steam - hydraulic-system, the higher water 
pressure of 7700 psi fixed the pressure cylinders to be 48 in. ID, 
and because of the lesser eccentric forging requirement of 4 ft, 
the size and weight of this press is somewhat less than for its 
sister press. Steam is supplied at 250 psi, from a separate sys- 
tem, composed of two 100,000-lb per hr boilers. Steam from the 
boilers passes into a 3000-cu ft receiver, and then to two intensi- 
fiers, each having an 8-ft-diam X 10-ft 6-in. stroke steam cylinder. 
The intensifiers are of the latest Davy-United design, -as indi- 
cated in Fig. 4, in which the hydraulic cylinders are below the 
steam cylinders but are operated upward through the use of 
two 33-ft-long, 13-in-diam tension rods, the -hydraulic cylinders 
The over-all height of each intensifier is 44 
ft2in., of which slightly more than half is below floorlevel. This 
arrangement makes for a mechanically stable structure. By hay- 
ing the large steam cylinder mounted on the floor, it still retains 
the feature of gravity return after the power stroke, and elimi- 
nates the overhead cross-piping associated with earlier inverted 
constructions. Built-in dashpot construction governs the slow- 
down of the intensifier, as it reaches its bottom position, without 
undue impact or ‘‘hunting.” 
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The reason for the receiver is immediately apparent when one 
considers the steam demands at maximum press-operating condi- 
tions. A press speed of 3 ips means 2 fps intensifier speed, corres- 
ponding to a required steam flow of 400,000 Ib per hr, since 
one 10-ft stroke of the intensifiers requires 600 lb of steam, 
corresponding to 1000 cu ft at 250 psi. . Thus steam is drawn 
from the receiver while the intensifiers are returning for another 
volume of steam. Each stroke of the intensifier system permits a 
press power stroke of 15 in., which more than takes care of 
normal forging requirements. Due to the intermittent nature 
of the pressure application in the steam-hydraulic press system 
being off during the return stroke of the intensifier for another 
volume of steam, the pull-back cylinders and other auxiliaries 
are necessarily operated from a separate source of 2500-psi con- 
stant-pressure water, the pull-back cylinders being 30 in. diam. 
This system is composed of two 400-gpm 2500-psi steam-driven 
double-acting duplex pumps, working in conjunction with two 
52-in-ID 7-in-thick 45-ft-high hydropneumatic accumulators, 
having a capacity of 7200 gal. The use of steam-operated pull- 
backs would have involved too large cylinders, and complicated 
the press design abnormally. 


COMPARISON OF PRESS PERFORMANCE . 


In connection with these presses, the opportunity was rare 
indeed of having two such similarly designed machines, utilizing 
competitive high-pressure systems, and working over an ex- 
tended period on substantially the same class of work. In the 
interest of comparing performances data? were obtained as 
summarized in Table 1. 

TABLE 1 COMPARATIVE PRESS DATA 


Steam-hydraulic Direct-pumping + accumulator 
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Data over 2-year period. work- 
ing 2 and 8 shifts 
Average power used, 33,000 lb of 
steam per op. hr 
Peak power demand, 220,000 lb 
of steam per 
Steam cost, $0.53 per 1000 lb 
Forging rate, 66 tons per hr 
Forging rate for finished forgings, 
11.2 tons per op. hr 
Steam cost........ $18.50 per op. hr 
Repair and main- 
tenance supplies. 
Repair and main- 
tenance labor... 


Totalitaacr nr osc $21.60 per one 


1.85 per op. hr 
1.25 per op. hr 


Data over 2-year period, aver- 
aging 577 hr per month 
Average power used, 625 kwh per 
op. hr 
Peak power demand, 3750 kw 


Average power cost, $0.008 per kwhr 

Forging rate, 75 tons per hr 

Forging rate for finished forgings, 
13.3 tons per op. hr 

Power cost........ $ 5.63 per op. hr 

Repair and main- 
tenance supplies. 8.60perop.hr* 

Repair and main- 


tenance labor... 1.30 per op. hr 


Potalcenreccreteroerarses $15.53 per op. hr 


* Abnormally high. 


It is interesting to observe that in each case the average 
power demand is only about 15 per cent of the maximum demand 
required and provided for. When forging is actually going on 
these peak demands must be satisfied, but the great amount of 
down time in operations of this sort is important to appreciate. 
In this connection we would distinguish, for instance, between a 
forging hour and an operating hour, the former being the actual 
time that the forging is in the press, and the latter, the time that 
the forging crew is on hand for operations. The number of 
forging hours per month is usually around 50 per cent of the 

-operating hours. Of course in the case of the steam-hydraulic 
press, steam must be maintained continuously and thereby 
sustains certain stand-by losses. 

As to actual forging, it is seen that the forging rate is around 6 
times the production rate for finished forgings. This comes about 
because of the 50 per cent ratio just cited, plus the fact that large 
forgings are handled from 2 to 4 times before completion. In 


? The information contained in Table 1 was supplied through the 
courtesy of Mr. C. R. Cox, president of the Carnegie-Illinois Steel 
Company, and Mr. Francis Bradley, president of the Midvale 
Steel Company. 


JULY, 1948 


examining the actual cost figures, the much lower power rate of 
the electric-drive-pump system was at least partially offset by 
the increased repair and maintenance. item, principally on the 
pumps themselves. The-net result, however, shows about a $6 


‘per hr lower cost for the direct pumping-accumulator system. 


While this figure is considerable in itself, amounting to some 
$40,000 per year, it must be remembered that the foregoing charges 
are only a fraction of the total involved in operating press plants of 
this magnitude. When one includes the direct labor item of a 
crew of some 10 men, the fixed-charges item, based upon an invest- 
ment of some $3/4,000,000, administration, etc., a total figure of 
some $75/100/hr is obtained, based upon which $6 per hr is only 
some 7 per cent. , 

A point of considerable importance brought out by these 
figures is the small percentage of the total time that anything 
approaching full power operations are being carried out. Based 
upon the figures, for instance, of 300 kw as the power required for 
running the direct-pumping system idle, it is easily appreciated 
that the monthly average of 625 kw corresponds to a full pressure 
period of only 15 per cent of the time, and an idle time of 85 per 
cent. For the steam-hydraulic system the figures are about the 
same. These observations,tend to minimize considerably the 
pros and cons of the various competitive systems under operating 
conditions, and rather emphasize the idling-power requirements. 
For instance, it has been variously proposed that centrifugal 
pumps are to be preferred over reciprocating pumps and ac- 
cumulators for forging-press service, because of their lesser first 
cost. The fact that their operating efficiency is about 70 per 
cent, compared to over 90 per cent for the reciprocating-pump 
system, is of less importance than the fact that their idling losses 
are in excess of 40 per cent, as compared to 5 per cent to 10 per 
cent for reciprocating pumps. In this case, for example, 35 per 
cent as idle losses would amount to some 10,000,000 kwhr per 
year, or $80,000 per year, which would easily more than nullify 
any first-cost differences. 


OPERATING FEATURES 


In comparing the operating features of the steam-hydraulic 
versus the direct-pumping plus accumulator system, we first must 
recognize a shortcoming of both systems, namely, that any 
power stroke always involves a volume of maximum-pressure 
water, no matter what the actual pressure required may be. 
Efforts to utilize the expansive properties of the steam in the 
steam-hydraulic system have involved too great complexity, 
hence the steam primarily acts as a pressure fluid. In the elec- 
tric-drive pump-accumulator system, the steam in the power- 
generating plant is of course used more efficiently, but the pres- 
sure water thus developed is inefficiently used because of the 
constancy of the hydraulic pressure in the accumulator system. 

In earlier days, when the Whitworth system was more gener- 
ally used, i.e., 100 per cent direct pumping (no accumulator), the 
steam-driven pumps had to be rapidly controllable, so that then 
too, the best use of the steam in the pump prime movers could 
not be realized; for instance, flywheels were not used, and the 
like. If, however, a modern electric-drive pump system (with 
high-speed unloaders and no accumulator) were used, definitely 
improved operating efficiency would be realized. However, 
plenty of power-inrush capacity would be required to handle the 
sudden-demand current surges properly, and we would be 
confronted with even greater idle losses. 

For instance, if the Charleston press were to be operated with- 
out accumulators, 4800 gpm of pumps would be required to 
maintain the full pressure speed of 8 ips, corresponding to 15,000 
hp of drive, and accordingly an increase in idle losses to 3 times. 
From these considerations it seems fairly evident that the elec- 
tric-drive pump-accumulator system for large hydraulic forging 
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presses is the most suitable system. For hydraulic forging 
presses of the more usual commercial capacities, say, from 500 to 
3000 tons, where more continudus operation is to be expected, 
the simplicity and ease of control obtained in the direct-pumping 
presses without accumulators will doubtless recommend them, 


_. however, to many operators. 


OTHER LARGE PRESSES 


The magnitude of the presses discussed in this paper necessarily 
brings to mind other large presses built in the past. Although 
there have been quite a few 8000, 10,000, and 12,000-ton presses 
built, there are only six 14,000-ton forging presses in the world; 
five in the United States, and onein Germany. The first 14,000- 
ton press was built as long ago as 1893; by the Bethlehem Steel 
Company, and is still being used at its Bethlehem, Pa., plant. 

When it was recognized at that early date that heavy forgings, 
in general, and military forgings in particular, were much supe- 
rior as produced on a press than by the steam hammer, Bethle- 
hem Steel had the courage to scrap the then recently built largest 
steam hammer in the world, rated at 125 tons, and undertook to 
build a 14,000-ton hydraulic press. This press, designed and 
built under the direction of John Fritz, is of the Whitworth type 
and has operated intermittently up to the present time. 

The press bas 4 columns, 26in. diam, 52 ft 7in. long, with col- 
umn spacings 17 ft 6in. X 6 ft, and daylight of 17ft. The pressis 
powered from two 50!/,-in-diam cylinders, working at a maximum 
pressure of 7000 psi, and having a stroke of 8 ft, internally packed. 
The pull-back cylinders are 13 in. diam, externally packed, and are 
powered from a separate 3200-psi pump-accumulator system, 
the pumps being originally steam-driven, but now electrically 
driven. The original top and bottom entablatures were of two- 
piece cast-iron construction, but in 1930 the top entablature was 
replaced by a single steel casting. The main cylinders receive 
high-pressure water directly from a 15,000-hp 60-rpm horizontal 
triplex double-acting pump, 7?/,-in-diam cylinder X 24-in. stroke, 
direct-driven by a vertical triplex single-expansion steam engine, 
50-in-diam cylinder X 90-in. stroke, steam at 150 psi. This huge 
engine-driven vertical-horizontal pump is capable of delivering 
3300 gpm, corresponding to a press speed of about 3 ips which is 
obtained by closing the by-pass valve, or partially closing it for 
finer speed control. The over-all press height is 54 ft, being 37 ft 
above floor level, and 17 ft below. 

The second 14,000-ton press built was put into operation by 
the Carnegie-Illinois Steel Corporation at the Charleston Naval 
Ordnance Plant at the close of the first world war. This press, 
of the oblique-strut type mentioned earlier, has four 30-in-diam 
columns, 51 ft 3 in. long, on column centers 19 ft X 8 ft 6 in., 
with 18 ft daylight. The press has 3 main cylinders, 44 in. diam, 
working at a maximum pressure of 7000 psi, and having a stroke 
of 7 ft 6in. The objective of the three-cylinder construction is 
to obtain 1/3 pressure, 2/; pressure, or full pressure by using dif- 
ferent cylinder combinations. The pull-back cylinders are 26 in. 
diam, and are pressured from a separate 2500-psi pump-accumula- 
tor (dead-weight) system. The main cylinders are supplied with 
pressure water by 3 steam-hydraulic intensifiers, having 6-ft 4-in. 
diam X 7-ft-stroke steam cylinders, 12%/,-in-diam water cylinders, 
thus producing 7000-psi water from 200-psi steam. A single full 
stroke of all the intensifiers corresponds to a 7-in. full-pres- 
sure stroke. The total weight of press and auxiliary equipment, 
tools and dies, is 7,250,000 tb. 

The third press of this size was installed by Krupp around 1930, 
but no information is available as to its details other than its 
capacity. The last three 14,000-ton presses were built contem- 

3 Most of the data given here are from a communication from Messrs. 


R. B. Gerhart and W. Zollinger, chief engineers, construction and 
manufacturing, respectively, Bethlehem Steel Company. 
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poraneously during the recent war, one being of the oblique-strut 
design described earlier, except that its pressure system is of the 
centrifugal pump-accumulator type, installed at the Charleston 
Naval Ordnance Plant; while the other two are as described in 
detail in this paper. 

From this short recapitulation of the largest forging-press in- 
stallations, we see that the United States has five of the six such 
presses in existence; three at the Charleston Naval Ordnance 
Plant, one at the Philadelphia Naval Ordnance Division of the 
Midvale Company, and the original at the Bethlehem Steel 
Company, Bethlehem, Pa. Regarding the United presses, the 
Midvale press is 71 ft 8 in. in total height, being 50 ft 7 in. above 
floor level, and 21 ft 1 in. below, and weighs 9,500,000 Ib com- 
plete with auxiliary equipment, less dies and tools. The Charles- 
ton press has a total height of 74 ft 8 in., being 53 ft 7 in. above 
the floor, also 21 ft. 1 in. below, and weighs 11,900,000 lb com- 
plete. From these comparisons it is seen that in many respects 
these two most recent presses are not only the largest and heaviest 
forging presses ever built, but probably are the largest single 
machines of any type ever constructed. 


Heavy STAMPING oR Di&-ForcinG PRESSES 


It is certainly in order to mention in these connections, the 
large-capacity presses of the heavy stamping or die-forging type 
alluded to in the early part of the paper. Recent machines have 
been built for 18,000 tons press capacity, in this country; and 
15,000 tons and 30,000 tons (metric) in Germany. The function 
of these presses is usually to squeeze or shape between form dies, 
structural or mechanical parts, usually of aluminum or mag- 
nesium, in one stroke. The loads are usually central, the press- 
ing speed and idle speed usually the same, with no particular 
requirements as to rapid stroking, as in planishing. 

There is record of the fact that shortly before and during the 
early part of the recent war, the I. G. Farben Company put into 
operation three 15,000-metric-ton presses of the die-forging type. 
These presses are of 4-column construction, with columns 33 in. 
diam, on 15-ft X 11-ft-6-in. centers, and with daylight of 8 ft 3 in.; 
19-ft 8-in. X 6-ft 6-in. press platens can be used. The presses 
are powered by three 55-in-diam cylinders, working at amaximum 
pressure of 5000 psi, the pressure being supplied from a central 
hydraulic system, of the motor-driven-pump hydropneumatic- 
accumulator type, used to operate several other machines, such 
as large extrusion presses, and the like. The total height of 
these presses is 50 ft, being 35 ft above floor level, and 15 ft below. 

In this country, at the Worcester, Mass., plant of the Wyman- 
Gordon Company, the Reconstruction Finance Corporation had 
installed during the recent war, an 18,000-ton die-forging press 
of somewhat similar proportions. The columns are 36 in. diam, 46 
ft long, and on 12-ft X 8-ft column centers, permitting the use of 
platens up to 7 ft, lin. X 12 ft4in., for lighter sections. The press 
has a maximum daylight opening of 10 ft 6in., and astroke of 5 ft. 
Pressure is obtained from acentrifugal pump-accumulator main 
system, working at a maximum pressure of 5400 psi. Making up 
this system are three 8-stage centrifugal pumps, operating in 
series, driven by 1000-hp 3600-rpm motors, each pump passing 
800 gpm at a pressure differential of 1800 psi. Working in con- 
junction with these pumps are four hydropneumatic cylinders, 
44 in. ID, 30 ft high, having a total volume of 9000 gal. The 
pull-back (more properly, push-back) cylinders, 24in. diam, receive 
pressure from the main pressure system, as do the manipulator 
and ejector gear. The main cylinders are four in number, 48 in, 
diam, and arranged inline. The speed of operation of the press, 
being the same for idling as under pressure, is 21/2 ips, which full 
pressure speed, however, can be maintained for an 18-in. stroke, 
after which it must drop back to the capacity of the pumps which 
is about 1/, ips. The total height of the press is 47 ft 6 in.. be- 
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- ing 32 ft above floor level, and 15 ft 6 in. below, weighs 5,000,000 
lb bare, and 9,000,000 Ib including pumps, piping, motors, tools, 
dies, etc. 

The 30,000-metric-ton press mentioned earlier, also installed 
by the I. G. Farben Company, is in reality two 15,000-ton press 
structures built alongside each other, to receive a common pair of 
long, top and bottom, die platens. Each of the two press units 
is of the 4-column type, having columns 82 in. diam, 69 ft 9in. long, 
and on 17-ft X 6-ft column centers. By arranging these units 
side by side the long way of the presses, on a center distance of 
18 ft, press platens having maximum dimensions 11 ft x 33 ft 
have been used for the die-forging of two 15-ft-long aluminum 
propeller blades at the same time. The press platens, because 
of the large span across which full pressure must necessarily be 
transmitted, are very deep, being of the order of 15 ft to 20 ft, 
and result in the abnormal height of the press, even though the 
maximum daylight is only 9 ft. Each press unit has four 401/2- 
in-diam pressure cylinders, arranged at the four corners of a rec- 
tangle, and fitted with pintle-type rams, and two 15-in-diam pull- 
back cylinders, all having a maximum stroke of 6 ft. Pressure is 
supplied to all operating cylinders from a separate pump-ac- 
cumulator system, comprising three 160-gpm horizontal triplex 
pumps, working at a maximum pressure of 4500 psi, each driven 
by a 600-hp motor, and a battery of small pressure cylinders, 
having a probable total capacity of 6000 gal. The hydraulic 
system is connected to the press through two hydraulic-hydraulic 
intensifier units, so that pressures of 4500 psi, 6750 psi, or 3000 
psi can be obtained at the press depending upon the arrangement 
of the valving. Each of these intensifier units is connected to 
each of the press units and is composed of one upper cylinder, 
18 in. diam, and three lower cylinders, the outer two of which are 
123/, in. diam, and the center cylinder, 14/2 in. diam, all having an 
8-ft 6-in. stroke. Each unit has a total height of 35 ft, being 25 ft 
above floor level, and 10 ft below. By means of the various 
cylinder combinations, press capacities may be adjusted to 30,- 
000° tons, 20,000 tons, or 13,333 tons, depending upon the most 
suitable capacity, thus obtaining some power economy. The 
over-all height of the press is 81 ft, being 54 ft above floor level 
and 27 ft below. 


= 
CONCLUSION 


In conclusion, we would state that we have reviewed, in general, 
the history and present state of the art attained in the design and 
construction of large hydraulic forging presses. In particular, 
we have attempted to explain and justify the newest type of 
such press which has so well lived up to all expectations, in which 
connection the author wishes to acknowledge the interest and 
courage of the United Engineering & Foundry Company in pro- 
ceeding with such a departure in design, particularly under the 
stress of war conditions. 


Appendix 


Press Construction Invouvinc Larce Orr-Crenter Loaps 


As mentioned in the main body of the paper, press.constructions, 
as shown in Figs. 5(c, d, e), are potential designs for heavy press 
construction involving large off-center loads, and hence must 
needs be analyzed and compared critically. 

In Fig. 14 are shown the various isolation and equilibrium 
diagrams of the Davy construction, Fig. 5(c). Referring to 
Fig. 14(d), it is apparent from moment considerations that 


In Figs. 14(6 and c) are shown the various statically determinate 
and indeterminate reactions with which we must be concerned, 
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particularly as to the column proper. Owing to the massive- 


’ ness of the entablature and crosshead constructions, it is assumed 


that their body distortions are negligible with respect to the 
column deformations, and consequently these press components 
displace as rigid bodies. Referring to Fig. 14(c) therefore, and 
utilizing the basic deflection and rotation formulas as given, for 
instance, by Timoshenko4 
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for the left pair of columns, and 
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for the right-hand pair of columns, where the indeterminate 
moments and forces are as shown in Fig. 14. The upper ends of 
the columns undergo rotations, which are the same for both, 
since the top entablature is assumed relatively rigid, thus 
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Now the rigid-body rotation of the entablature corresponds to 
the difference in the column extensions, and also must be equal 
to the,top column end rotation, from continuity considerations, 
thus ; 


4 “Strength of Materials,” by S. Timoshenko, first edition, D. Van 
Nostrand Company, Inc., New York, N. Y., 1930, The Macmillan 
Company, New York, N. Y., 1931. 
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From considerations of equilibrium of the entablature, isolated 
in Fig. 14(6), we have 


P=N,+N;, Riel a eel eels ein 6) stat etalle ah 6c [9] 
Pest} 8a eterna) SOS viele bas [10] 
and 
R 
ma=—atM,+ M, = (N2— Ni)c ago niet igiol a [11] - 
(Qi + Q:) 


the last equation arising from rotational equilibrium considera- 
tions around point, O. The foregoing eleven equations provide 
sufficient relationships to solve for the eleven unknowns R, 
Mi, No, Q,, Qs, Mi, M2, A, 6, 61, and Oo. 

Combining Equations [6], [7], and [8], we get 


Now, by combining Equations [2] and [3], and simplifying in the 
light of Q. = R — Q,, as given in Equation [10], we get 


[415] Q, — [312] M, + [312] M, = [21° + b? — 307K... .[13] 


Similarly combining Equations [4] and [5], we get 


[212] Q, — [21] M; + [21] M> = [2 —BJR...... [14] 


Now, by combining Equations [11] and [12], we obtain 


l _ Ra + Mi + M, 
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which may be combined further with Equation [4], to give, after 
simplification 
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In Equations [13], [14], and [15], we have three simultaneous 
equations in the three unknowns Q;, M,, and M;, which may be 
solved in terms of R, and by virtue of Equation [1], in terms of P. 
However, Equation [15] may be simplified desirably by the fur- 
ther approximation based upon practical knowledge of the 
value of the quantity J/(Ac?). For two 34in-diam columns, 
I = 2 X (1/64) X (84)4 and A = 2 X (/4) X (84)?; and fora 
column spacing of 2c = 23’, yielding c = 138 in., we have 


I (34? 1 


Ac? 16(138)2 250 


which may be neglected with respect to unity. Thus Equation 
[15] reduces to 


[27] Q, — [21] M, = 0 
or M, = Q1 ailta Si eliv, olivlay ete ale id's s'euenaieliowe [16] 


Solving Equations [13] and [14] simultaneously, in the light 
of Equation [16], we get 
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The expression for M, also comes out of Equations [13] and [14], 
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Combining Equations [9] and [11], ‘n the light of Equation [1], 
we get 
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Now, ‘substituting Equations [19] and [20] in [21], we get finally 
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We are now concerned with the bending-moment diagrams 
of the columns. It is easy to see that for the left-hand columns, 
the BM is a maximum at each end, being equal, and always zero 
in the middle, the condition being independent of the value 
b, ie., the position of the crosshead. The right-hand pair of 
columns has a more complex BM diagram, and we must examine 
the conditions at the top M2, and as well the moments at the 
contact point with the crosshead, Mp, and at the base, Mo. 
Thus for Mp we have, referring to Fig. 14 


Mp = Q (1—b) — My 


and by substituting in the values of Q. and M2 as given in Equa- 
tions [18] and [22], we get 
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For Mo, we have 


My = Q.1 — Mz, — Rb 
which leads to 
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Now we must further pursue the problem to evaluate all four 
moments, Mi, Mz, Mp, and Mp» as a function of crosshead posi- 
tion b. To do this most effectively, we plot the curves as shown 
in Fig. 15(a) from which it is apparent that M, is always the 
largest of the four, and is an absolute maximum for b = 1/(3l), 
although it is nearly the same value for all values from b = 0 
to b = 1/2, which about covers the entire operating range. Wesee 
from Equation [22] that the tension stress, as determined by Ne, 
is also greater in the columns toward which the eccentric forging is 
carried out, and hence the most highly stressed location is at 
the top of the right-hand pair of columns. 

To evaluate the press sway or lateral deflection of the top 
entablature, let us return to Equation [2], substituting the 
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values of Q; and M, from Equations [17] and [19], to obtain 
Pels 
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which shows the sway to be greatest where 6 is the least, all 
other things being equal. 


. [25] 


Press Construction WITH Srroutr 


In this section, the press construction of Fig. 5(d) will be ana- 
lyzed. The principal contribution and purpose of the oblique 
strut is to reduce the sidesway essentially to zero, and correspond- 
ingly to reduce the maximum bending stresses. In order to 
simplify the evaluation of this structure, which is inherently con- 
siderably more complex than the construction of the preceding 
section, we may proceed by superimposing on the analysis there 
given, the stress system introduced by applying a lateral force T’, 
of sufficient magnitude to nullify the sidesway A. This neglects 
the elastic extension of the strut itself (which is of the order of 
one tenth of the sidesway before the introduction of the strut), 
as well as the reduced elastic extension of the right-hand pair of 
columns, due to the angularity of the strut. 

It is apparent from Fig. 16(6) that extensional forces NV,’ and 
N,’, are set up as a result of the lateral distortion A’. Our ap- 
proach is to evaluate that force 7, but more particularly, those 
values of M,’ and M,’ associated with making A’ = A (of Equa- 
tion [25]). Under the system of forces in Fig. 16(c) it is known 
that M’ = Q’1/2 will cause the top ends of the columns to 
deflect without appreciable rotation. From symmetry con- 
siderations Q,’ = Q,’ = 17/2, from which follows that M,’ = 


= (T1/4). From these relations, and the expression 
es Q/8 My'? 
BEL. 2EI 
we obtain finally 
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Equating [25] and [26], we obtain the required expression 


p= pe ra(?) +2(%)'] v6 Te [27] 


from which we obtain 


and also that My’ = M,’, see Fig. 16(d). From this figure also, 
we evaluate the bending moment Mp’, corresponding to the 
crosshead position b, above the base, to be 
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The actual bending moments, then, in the structure, Fig. 5(d) 
are given by superposing the values and diagrams of Figs. 15 and 
16, to give 
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The only reason for reversing the sign in the last of Equations 
[30] is to yield positive values, as directions mean nothing in our 
numerical comparison. By plotting the values of the various 
moments given, we obtain Fig. 17. From this plot it is apparent 
that for the range b/l = 1/4 to 1/2 the maximum bending 
moments do not exceed 0.59 Pe/[4(h/l)] which is about 60 per 
cent of the maximum values for construction Fig. 5(c) as shown 
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in Fig. 15, a reduction of some 40 per cent. However, if b ~ 
O were a practical condition, no essential reduction in maximum 
stress would have been accomplished. 


INTERNALLY COMPENSATED GUIDE-STALK PRESS 


If we now examine critically the press structure shown in 
Fig. 5(e), isolation sketches are as indicated in Fig. 18. As 
there is no contact between the crosshead and the columns, the 
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eccentric forging moment is balanced by pressure against the 
pads in the guide-stalk well, and as shown in Fig. 18(d), we have 


and 
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It is apparent that shear forces Q, and Qs can exist only if opposite 
in direction, as shown. 

Now, as to elasticity conditions, the column extensions are 
given by 
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where the rotations are constrained to be the same because of 
the relative rigidity of the top entablature. This member can 
rotate only in space due to unequal column extensions, hence 


As to press sway or lateral column deflection, we have, again 
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Thus here again, we have eleven equations to determine the 
eleven unknowns, R, Ni, No, Qi, Q2, M1, M2, A, 4, 61, and 65. 
From Equations [37] and [38], we obtain by simplifying 
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and from Equations [40] and [41], we obtain similarly 
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By examining and comparing Equations [42] and [43], we find 
that these equations can be true only if Q: = — Q:, but by 
Equation [33], we have Qi = Qo, therefore 
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which condition imposes on Equations [42] and [43] the condi- 
tions that 
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And equating Equations [46] to [37] or [38], in the light of Equa- 
tions [44] and [45], we get 


Rewriting Equation [34] in the light of Equations [31] and [45], 
we also obtain 
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And by equating Equations [47] and [48], we get finally 


Remembering now that Ac?/I is large with respect to unity, 
Equation [49] may be more simply written 
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Substituting Equation [50] in Equation [47] yields 


and Equation [32] says 
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From these two equations, it follows that 
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which thus completely evaluates all previous unknowns. 

The virtues of this design are now apparent, since the maximum 
column bending moment is. only a small fraction (less than 1 
per cent) of the eccentric forging moment Pe. The structural 
resistance to this forging moment resides primarily in the 
modified column tension loads, which increase the maximum ten- 
sion stress only by some 25 per cent. As to press sway, Equation 
[50] in Equation [40], in the light of Equation [45] yields 


and 
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Streamlining Effect on Air Resistance 
and Smoke Lifting on Steam Locomotives 


By J. F. GRIFFIN,! EAST CHICAGO, IND. 


A test was conducted in 1946 in the wind tunnel at the 
Daniel Guggenheim School of Aeronautics at New York 
University with a !/12-scale model of an existing modern 
4-8-4 type locomotive. To this model was added for vari- 
ous runs different features of streamlining or smoke- 
lifting deflecting plates or both. Each change constituted, 
in effect, a different model. This paper covers a report on 
the five models which proved to be of the most importance. 


INTRODUCTION 


Problems Prompting Investigation. All motive power has to 
overcome wind resistance. This resistance can be held to a mini- 
mum by suitable streamlining but on the steam locomotive the 
streamlining is limited to that which will not interfere with main- 
tenance and servicing. 

A steam locomotive also presents the problem of preventing 
smoke from curling around the cab and obstructing the vision of 
the engineer and fireman. This is referred to as smoke trailing 
and is caused by too low a velocity at the outlet of the stack for 
the conditions under which the locomotive is operating. 

The usual correction for smoke trailing is to decrease the di- 
ameter of the exhaust tip which results in an increase in the ex- 
haust pressure and a decrease in cylinder horsepower. The in- 
creased exhaust pressure increases the velocity at which the mix- 
ture of the gases of combustion and the exhaust steam are dis- 
charged from the stack, lifting them well above the locomotive. 

A “head-on” wind velocity of 88 mph gives a mass velocity 
about the same as the mass velocity of the mixture of gases and 
steam leaving the stack on a typical locomotive operating with 
about 4 lb exhaust pressure. The head-on wind considered here 
is due to the locomotive traveling at 88 mph. Under these con- 
ditions, the tendency should be for the smoke and steam to start 
upward at an angle of about 45 deg in relation to the longitudinal 
. center line of the locomotive. Since the force available, due to 
the velocity of the mixture from the stack, is a diminishing one 
and that of the wind.a constant one, the wind and gravitation 
soon overcome the velocity of the mixture from the stack, bring- 
ing its flow down to a horizontal flow.. However, the wind tends 
to act parallel to the axis of the locomotive and it should have a 
strong tendency to combat gravitation and hold the flow of gases 
and steam in a horizontal path unless some outside force acts to 
interfere with it. 

It seems to be pretty well accepted, that because of the lack of 
suitable streamlining on the top and sides of a locomotive, eddy 
currents of air are formed along the upper portion. This creates 
a lower pressure at various points and the gases and exhaust 
steam flow to these low-pressure points, finally curling around 
the cab obstructing vision. 

A test was conducted in 1946 in the wind tunnel at the Daniel 
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Guggenheim School of Aeronautics at New York University with 
a 1/1-scale model of an existing modern 4-8-4 type locomotive. 
To this model were added for various runs, different features of 
streamlining or smoke-lifting deflecting plates or both. Each 
change constituted, in effect, a different model. 

The Huet design is described in detail in the text, but briefly it 
is a novel design arranged to convert air velocity into pressure so 
as to build up a layer of air at least to atmospheric pressure around 
the locomotive to reduce skin friction, and to prevent low-pres- 
sure points being formed, which would draw the smoke and ex- 
haust steam down around the locomotive. 

The main object in testing ‘‘full streamlining” was to establish 
what the least possible wind resistance could be with the utmost 
in smoothing out the lines of the locomotive, regardless of its 
practicability for a steam locomotive. 

The general interest of The Superheater Company in all types 
of motive power for transportation purposes, prompted them to 
sponsor this test in the interest of improved motive-power per- 
formance. / 

Summary of Results Obtained. The results obtained on this test 
were such that, if they can be duplicated in road service, make it 
appear possible not only to reduce smoke trailing but also to de- 
crease stack velocities; and at high speeds to effect a reduction in 
wind resistance. The latter would add directly to the drawbar 
horsepower. A decrease in stack velocities would mean a de- 
crease in exhaust pressure which could be utilized to increase the 
drawbar horsepower. 

Full streamlining (considered impractical from a maintenance 
and servicing standpoint) gave less wind resistance than any 
model tested. However, it was not entirely satisfactory from a 
smoke-lifting standpoint. When smoke-lifting deflecting plates 
were applied they helped the smoke lifting, but did not entirely 
prevent smoke trailing. 

The Huet design of streamlining was almost as good as the full 
streamlining from a wind-resistance standpoint. Its perform- 
ance from a smoke-lifting standpoint was remarkable, exceeding 
all other models tested by a wide margin. Even with high loco- 
motive speeds and 1-lb exhaust pressure there was no smoke trail- 
ing, indicating stack velocities might be decreased considerably 
without smoke trailing. 

The locomotive with the special streamlined nose and with 
smoke-lifting deflecting plates showed a small reduction in wind 
resistance. In this regard it ranked third with the five models 
tested. From a smoke-lifting standpoint its performance was 
about equal to that of the bare locomotive with smoke-lifting de- 
flecting plates. With it there was no indication that stack veloci- 
ties could be reduced. 

The orthodox smoke-lifting deflecting plates applied to a bare 
locomotive increased the wind resistance slightly. They were 
quite effective from a smoke-lifting standpoint. However, their 
performance in this respect was not as good as the Huet design of 
streamlining with smoke lifters. 

The bare locomotive gave considerably higher wind resistance 
than any streamlined models tested and showed up poorly as 
compared with the other models from a smoke-lifting stand- 
point. 
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TESTS ‘ 

The test was made with several 4/1.-scale models with various 
features of streamlining and smoke-lifting deflecting plates. 
Although a number of models were tested, the five most impor- 
tant are covered by this paper. The same five models used for the 
wind-resistance test were used for the smoke-lifting test. 

Types of Tests. The first series of runs were made to determine, 
by force measurements, the wind resistance. Drag- or wind-re- 
sistance readings were taken with each model at five wind-tunnel 
air velocities between 40 and 100 mph with the models set in the 
tunnel so that the wind was head-on. Readings were also taken 
at the same wind velocities with the models set at several angles 
in relation to the direction of the air flow in the tunnel. During 
the drag runs there was no exhaust from the stack. 

The second series of runs were made to determine, by visual 
observation, the effect of the various features of streamlining and 
smoke-lifting deflecting plates, on smoke lifting. These obser- 
vations were recorded by means of motion pictures. 

The smoke-trailing runs were made with each model at wind- 
tunnel air velocities of 30 to 90 mph. The tunnel air velocity was 
brought up to 30 mph and each model was slowly rotated until the 
axis of the engine was at an angle of 25 deg to the axis of the wind 
tunnel, or in 25-deg yaw position. It was then rotated slowly 
back to zero yaw. The air velocity was then slowly brought up 
to 60 mph where this rotation was repeated. Finally the air 
velocity was brought up to 90 mph and the same procedure in ro- 
tation was followed. Each model was also tested with several 
different exhaust pressures while being subjected to the foregoing 
wind-tunnel speeds and the series of rotations described. When 
the motion pictures were made each run was labeled with the ex- 
haust pressure simulated. 


DESCRIPTION Or MODELS 


An existing modern 4-8-4 type steam locomotive with its tender 
was selected as the base for this test. A model of it was built, and 
all streamlining features as well as smoke-lifting deficcting plates, 
were built for application to this model. A brief description of 
the features tested is given in Table 1. 


TABLE 1 
Line Shown in 
no. Model features tested figures 
1 Bare modern 4-8-4 type locomotive; no streamlining, no 1 
smoke lifters 
2 Bare modern 4-8-4 type locomotive; no streamlining but 2 and 3 
with orthodox smoke lifters as now used on a number 
of locomotives ; 
3 Locomotive with a special streamlined nose and with 4 and 5 
smoke lifters 
4 Locomotive with Huet streamlining and smoke lifters 6 and 7 
5 Locomotive with full streamlining and smoke lifters 8 


The term ‘“‘bare locomotive”’ is used to indicate that no stream- 
lining was used. In this paper, smoke-lifting deflecting plates 
are not considered streamlining. 

The bare locomotive, or base model, was made of wood. It 
was 9.4 ft long and had a projected cross-sectional area of 0.84 sq 
ft. This model is covered by line 1 of Table 1 and is shown in 
Fig. 1. 

The model representing the locomotive as actually operated on 
the road, is covered by line 2 of Table 1. It is shown in Figs. 2 
and 3. This model was produced by adding to the bare model, 
smoke-lifting deflecting plates of an orthodox design now in road 
service on a number of locomotives. 

Line 3 in Table 1 covers a locomotive with a special stream- 
lined nose and smoke lifters. It is shown in Figs. 4.and 5. This 
model was produced by removing the bumper, pilot, and head- 
light from the base model and substituting the streamlined nose. 
The smoke-lifting deflecting plates used on this model are the 
same as used on the model described in line 2. 
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Fie. 1 


Fig. 2. Dracram or Barr LocomotivE—No STREAMLINING, WITH 
OrtTHoDOXx SMOKE LIFTERS 


Bare LocomotrvE—No STREAMLINING, WITH ORTHODOX 
SMOKE LirrERS 


Fie. 3 


Fig. 4 Dracram or Locomotive WitTH SpecIAL STREAMLINED Nose 
AND SMOKE LIFTERS 


Fic. 5 Locomotive Wir Sprcrat SrREAMLINED Nosr AND SMOKE 
LIFTERS z 


Line 4 in Table 1 is the base model equipped with a novel de- 
sign of streamlining, as shown in Figs.6and7. This streamlining 


_was designed by André Huet? and has been applied to a num- 


ber of locomotives now in service in Europe. His design includes 
his own type of smoke-lifting deflecting plates. 

Line 5 in Table 1 is the base model equipped with full stream- 
Kning. It was obtained by adding a streamlining shroud and 
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Fic. 6 Diagram or Locomotive Wira Hurr SrREAMLINING AND 
Smoke Lirrers 


, 


Fic.7 Locomotive Wirxn Hunt StReaMLINING AND SMOKE LIFTERS 


Fig.8 Locomotive Wire FuLL STREAMLINING AND SMOKE LIFTERS 


PLATE G 
PLATE F 
€ 


SECTION X-X 


° 


SLOTS 


Fia. 9 Front View or Locomotive With Hurt STREAMLINING 


smoke-lifting deflecting plates to the bare locomotive, as shown 
in Fig. 8. 
practical, but it was included to show the optimum obtainable in 
the reduction of wind resistance and to determine the effect of this 
type of streamlining on smoke lifting. Its wind resistance was 
of particular interest because it is similar to the streamlining used 
on Diesel road engines. 

Huet Type of Streamlining. The purpose of the Huet type of 
streamlining is to secure the greatest possible benefits from stream- 
lining, while allowing accessibility to those parts requiring fre- 
quent servicing, and the greatest amount of maintenance. 

The underlying principle of the Huet design is that fluid flowing 
through a properly diverging nozzle will change velocity to pres- 
sure. 

Fig. 9 shows how this principle is utilized by the Huet stream- 
lining. The lower portion of this figure shows a front view of the 
streamlined nose of the locomotive. The upper portion shows a 
plan view of a section through the streamlined nose. Referring 
to the upper portion, it will be noted that slots 2 and 3 in plates 
F and G are progressively narrower than slot 1 in plate E. Wind 
enters slot 1 as illustrated, and a portion of it passes between 
plates EK and F as shown by the arrows. Some of the wind travels 
farther and passes between plates F and G. The divergence of 
these plates, in relation to each other, transforms wind velocity 
into pressure, enveloping the locomotive with a layer of air at a 
pressure higher than would otherwise exist in that proximity, 
thus avoiding the creation of low-pressure zones throughout the 
length of the locomotive. 

The streamlined nose of the Huet design is made in two halves 
being split on line W-W. Each half is hinged to the front of the 
smokebox to provide easy access to the smokebox. 


As previously stated, this type of streamlining is not 


e Test EQUIPMENT AND Merrnuops 


Wind Tunnel. The wind tunnel at New York University in 
which the test was conducted is shown diagrammatically in Fig. 
10. The figure shows both a horizontal and vertical section 
through the tunnel which is of the type having a closed working 
section under atmospheric pressure and a double return. The 
working or testing section is 10 ft long with a 7 < 10-ft cross sec- 
tion. The rear portion just past the working section is built into 
the form of a cone and at the maximum diameter houses a 14-ft- 
diam 9-blade propeller, driven by a 250-hp motor. The propeller 
and motor will develop a wind speed of more than 125 mph in the 
working section. Fig. 10 also shows the location of the model in 
the wind tunnel. 

A ground board was built into the tunnel to simulate ground 
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effects. It extended from side to side of the working section, 
which divided the working section approximately in half, forming 
an upper and lower half to the tunnel at this point. The ground 
board was 6 in. thick and approximately 12 ft long, the front edge 
of which was streamlined. 

Fig. 11 shows how the model was placed in the working section 
of the tunnel above the ground board. When the model was set 
in zero-yaw position its nose was 2.23 ft to the rear of the leading 
edge of the ground board. 


AXIS OF 
ROTATION 


GROUND BOARD 


TUNNEL WORKING SECTION 


Bree Ld 


Drag Force-Measuring Equipment. The model was rigidly 
mounted on a 3-in. pipe which acted as a shaft, by means of which 
it was attached to a T-shaped force-measuring rig. It was also 
used as the axis about which the model was rotated to obtain the 
desired angle of yaw. The shaft was located 3.56 ft to the rear 
of the model nose. : 

The T-shaped rig in which the vertical shaft rotated was pro- 
vided with a clamping arrangement for holding the model rigidly in 
place at any desired yaw angle, while force measurements were 
taken. _ 

Fig. 12 shows the T-shaped rig containing the beams to which 
were bonded metalectric strain gages for measuring the forces 
on the model. - The forces measured by the strain gages were re- 
corded by a Wheatstone-bridge control box. It will be noted that 
the rig was located under the ground board, a section of which was 
removed immediately above the rig to permit the photograph to 
be taken. The rig rested on three ball-bearing supporting col- 
umns, two of which acted as force-measuring beams; the third 
and rear column simply acted as a support. This may be seen 
more clearly in Fig. 18. One of the two strain-measuring and 
supporting beams of the rig had two sections reduced for appli- 
cation of strain gages. The sections were reduced to make them 
more sensitive to the strains imposed on them so that the re- 
corded forces would come within the range of the control box. 
The reduced sections are shown in Fig. 14. The other strain- 
measuring and supporting beam had only one reduced section for 
application of a strain gage. Both strain-measuring beams were 
sectioned so as to record the bending in a direction parallel to the 
center line of the wind tunnel, while one beam only was sectioned 
to give the results of bending in a crosswise direction of the tunnel. 
However, the one with only one reduced section was secured to 
the base in such a manner as to permit it to act as a link with no 
resistance to a crossway force. In this way drag and cross-wind 
forces exerted by the wind on the model could be recorded. 

Calibration of Drag-Measuring Equipment. Before actual testing 
was begun, a static calibration of the strain-gage units was made 
with the model mounted in place by attaching known weights to 
the rig. Calibration curves were prepared to indicate the equiva- 
lent forces on the model during the test. Check readings of tare 
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Fre. 12. T-SuHapep Forcre-Measurine Ric (Stipe View) 


MODEL SUPPORT 


Fig. 18 T-SHapep Forcr-Merasurine Ric (Top View) 
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were made before as well as after each individual run, thas ac- 
counting for any residual strains in the force-measuring system. 

As previously stated, wind resistance was measured with a 
head-on wind as well as with the models at yaw angles of 4, 8, 12, 
and 25 deg.* 

Runs indicated that because of the lack of symmetry of the two 
halves of the model, or because of the vertical shaft being located 
slightly off center of the model, or both, corrections in the angles 
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when recording data had to be made. 
lowing corrections: 


This resulted in the fol- 


0° 
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a 
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Sc 
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12° 
13.5° 


25° 
26.5° 


Actual angles of yaw 
Corrected angles of yaw 


Although the models were set at the ‘actual angles of yaw,” all 
data were recorded under the angles shown as “corrected angles of 
yaw.” i) 

The 1.5-deg angle as compared with zero angle, has a very 
slight effect on the data in the direction of increasing the drag. 
It is of insufficient magnitude to consider in this discussion and 
the data so obtained are used herein as a head-on wind. Since all 
runs were conducted on the same basis, their results should, for all 
practical purposes, be comparable. 

Basic Data for Smoke-Lifting Runs. Prior to making smoke-lift- 
ing observation tests, every effort was made to duplicate con- 
ditions in road service which would affect smoke lifting. These 
were head-on-wind velocities due to the motion of the locomotive, 

_ cross or natural winds, and the various mass velocities and den- 
sities of the mixture leaving the stack at different exhaust pres- 
sures. 

To assist observations and record them by motion pictures, also 
to avoid the introduction of moisture into the tunnel, it was desir- 
able to discharge “smoke only” from the stack. However, all 
chemicals proposed for smoke-making purposes were ruled out be- 
cause they were considered injurious to health or to the wind 
tunnel, or presented a fire hazard. It was finally decided that 
“steam only” could be used without detriment to the tunnel if 
the runs were not of too long duration before the air in the tunnel 
was changed. ; 

Basic data shown in Table 2 were assumed for this test. The 
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flow was used as existed with the proper mixture of hot gases and 
exhaust steam, the proper smoke pattern would be obtained and 
the results of the tests would be representative. 


Test Data, CALCULATIONS, AND CORRECTIONS 


From the original test data, conversion and corrections were 
made as follows: 


Conversion of drag data from scale-model values to prototype 
values. j 

Corrections for static pressure drop in wind tunnel. 

Corrections for scale effect on skin friction. 

Correction of air speed necessitated by the blocking effect of 
ground board and model. 

Corrections to yaw angles because of lack of absolute symmetry 
in models or mounting of models on shaft, previously explained. 


The correction for air-blocking effect was obtained by placing a 
Pitot static tube in the tunnel, with ground board and measuring 
rig shroud only, in place. Applying the law “‘continuity of flow 
per unit time is constant,” the true air speed at the model was 
established. 

Because of the relative sizes of the model and the working sec- 
tion of the wind tunnel, a correction in the tunnel air speed at the 
location of the model, due to the tunnel-wall effect, was found to 
be so small it could be neglected. 

The drag readings for zero yaw were converted to horsepower by 


DV 
the formula, horsepower = 
375 


, where D = drag force or wind 


resistance and V = velocity in miles per hour 
Winds, Three types of winds will be referred to in this paper 
and before discussing the test results, it would be well to set up a 


TABLE 2 BASIC DATA USED FOR SMOKE-LIFTING RUNS 


Exhaust 
Total steam Gas 
evaporation, temperature, temperature, 
lb per hr F F 
10,000 212 448 
17,000 214 471 
40,000 ‘ 265 540 
67,000 360 605 


Data for full size locomotive 


Steam Exhaust Model 

Gas to exhaust steam Steam, 
weight, nozzle, pressure, lb per 
lb per hr lb per hr psi hr@ 
17,000 9,000 1/4b 60 
29,000 15,000 1 175 
66,000 34,000 5 410 
105,000 56,500 15 620 


* Quantity calculated to give same mass flow at model stack using steam only as for full-size locomotive 


using hot gases and steam for exhaust pressures shown. 


Steam flow representing 1/4 1b exhaust steam pressure had insufficient volume to be of value in observa- 


tions. 


outlet of the full-size locomotive stack was assumed to be 22 in. 
in diameter and that of the model 1.85 in. Because of the neces- 
sity for discharging from the stack steam only instead of a mixture 
of gases and steam, a column was added to Table 2 to show the 
quantities of steam exhausted from the stack of the models. 

Smoke Pattern for Smoke-Lifting Runs. The well-known aero- 
dynamic formula, drag per unit length = Ca 1/2 p V?d, coupled 
with other mathematical concepts on acceleration, scale factors, 
etc., was developed to a point where it indicated that if the ve- 
locity and the density of the mixture leaving the stack and the 
velocity and density of a head-on wind are the same for a full-size 
locomotive and a scale model, the smoke pattern for the model 
- should be in proportion to the scale size. 

Preliminary runs were made in a small wind tunnel to demon- 
strate this was a suitable application of the formula. During 
these runs stacks of 0.90-in. diam and of 0.45-in. diam were used. 
The same wind and stack mass velocities were used for each size 
stack. Runs were made with properly proportioned mixtures of 
hot gases and steam, as wellas with steam only. A board marked 
off in numbered squares was placed in back of the jet so that the 
smoke pattern for each run could be determined and recorded. 
The results checked very closely with the formula, which proved 
that when operating with steam only if the same mass velocity of 


name for each of them. Fig. 15 shows these winds and their re- 
lationship. One is due to locomotive velocity and will be called 
“locomotive velocity wind.” It is always a head-on wind. A 
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second is called ‘natural wind” which is due to atmospheric con- 
ditions and may be at any angle in relation to the direction of the 
movement of the locomotive. The third is called a “resultant 
wind” which is the result of combining the two. 

The locomotive velocity wind and the natural wind can be re- 
solved mathematically into a single resultant wind. However, 
since in a wind tunnel there is but one wind available, it will be a 
head-on wind when the model is set in a position with its axis 
parallel to the axis of the tunnel, and will be equal to the speed of 
the locomotive, or equal to an assumed combination of locomotive 
speed and natural head-on wind. When the model is rotated at 
an angle in the tunnel, the tunnel wind velocity acts as a resultant 
wind and drag readings taken during these runs are definitely in 
relation to the resultant wind. For each drag force and resultant 
wind given in the test data, the resultant wind can be resolved 
into two components, one being locomotive speed and the other 
natural-wind velocity. The natural wind can be broken down in- 
to various combinations of velocity and angularity, but each com- 
bination will result in a different locomotive speed and a different 
angle of yaw. 

Fig. 15 shows the model rotated at an angle to the resultant or 
tunnel wind. In this figure the direction of the natural-wind com- 
ponent is shown as 90 deg to the resultant wind. It is shown at 
that angle to make it agree with the direction in which the cross- 
or natural-wind drags were recorded. 

Natural Winds—at Angle to Locomotive Travel. The statement has 
been made in a number of papers written on wind resistance that 
natural winds which may be head-on or at an angle to the di- 
rection of the movement of the locomotive, are of little impor- 
tance and can be omitted from consideration. Lack of supporting 
data indicates the desirability of studying this question suffi- 
ciently to determine its importance. It seems desirable to settle 
this question before’ going into a complete discussion of the test 
results. 

Data obtained from the U. S. Department of Commerce 
Weather Bureau at Chicago, Ill., showed that the average hourly 
wind velocity in the Chicago district for the year 1946 was 9.4 
mph. Therefore it should not be necessary to consider natural 
winds at any higher velocities. 

The air velocity of the tunnel wind in this test was limited to a 
maximum of 100 mph. For this test, locomotive speeds outside the 
range of 60 to 100 mph were not considered. It has already been 
shown that natural-wind velocities greater than 10 mph should 
not be considered. With these limitations included, calculations 
were made to produce the curves in Fig. 16 and it was found that 
the greatest angle of yaw necessary was 9.1 deg. This is men- 


CUNVE 181A - BARE LOCOMOTIVE - WITH SMOKE LIFTERS 
CURVE 282A ~ BARE LOCOMOTIVE —NO SMOKE LIFTERS 
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CURVE 484A- FULL STREAMLINING — NO SMOKE LIFTERS 
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tioned because during the drag test the model was rotated to 
maximum yaw angle of 25 deg actual and 26.5 deg corrected. 
This shows that within the limitations set for the test, angles of 
yaw above 9.1 deg are of no value in this discussion. It should 
be kept in mind that the angle of yaw is the angle relationship be- 
tween the longitudinal axis of the locomotive and the direction of 
the resultant wind. Obviously, if the natural wind should start 
as a head wind and change its direction in relation to the axis of 
the locomotive, moving toward the rear of the locomotive, it 
would become an assisting force instead of a retarding force after 
it passes a point where it acts at an angle of 90 deg to the axis of 
the locomotive. The angle of yaw of 9.1 deg referred to occurs 
when the natural wind is at 90 deg to the axis of the locomotive, 
and when the wind direction moves farther to the rear the result- 
ing wind becomes less and the angle of yaw which will produce 
these conditions, becomes less than 9.1 deg. 

Discussion of Results of Test. Fig. 16 shows the influence on 
drag, or wind resistance, due to a natural wind of 10 mph, blowing 
at various angles in relation to the direction of the movement of 
the locomotive. Curves are shown for 60 and 100 mph locomo- 
tive speed. 

The curves, it will be noted, cover a bare locomotive with smoke 
lifters, a bare locomotive without smoke lifters, a locomotive with 
the Huet streamlining with smoke lifters, and one with full 
streamlining without smoke lifters. 

It will be noted that the angularity of the 10-mph natural wind 
has a greater influence on increasing resistance or drag on a bare 
locomotive than on a locomotive which has been streamlined. 
Apparently, streamlining, regardless of the angle of the wind, re= 
duces the wind resistance to an appreciable degree. 

Since the yearly average of natural winds is less than 10 mph, 
this velocity in itself indicates natural winds are relatively un- 
important. Their importance is further depreciated because of 
the fact that although in various parts of the country they prevail 
in one or another general direction, there still is sufficient varia- 
tion in their direction to be worth consideration in reducing their 
average effect. Since railroads must run trains in both directions, 
these winds can be a retarding force for only approximately one 
half of the time a given locomotive is on the road. This cuts the 
remaining average approximately in half. 

These facts lead to the conclusion that by the time the increase 
in resistance, due to natural winds, shown in Fig. 16, is brought 


down to an average figure, their importance in negligible. In ~ 


view of this, it seems reasonable that angular natural winds be 
omitted from further discussion and that this paper be confined to 
comparison of the performance of various streamlining features 
with head-on winds only. 

It is interesting to note that most of these curves show that the 
greatest resistance is found when the wind is on the forward quar- 
ter at an angle of approximately 60 deg to the axis of the locomo- 
tive. The location of this point of greatest resistance coincides 
with that reported in an earlier paper (1). This fact seems to 
support the statement frequently made by locomotive engineers, 
that a forward-quarter wind affects the locomotive speed more 
than a head-on or side wind. 

Wind Resistance. The curves in Fig. 17 give the drag in 
pounds obtained with each of the models tested. 

It is interesting to note that the drag coefficient obtained in this 
test checked closely with that in a previous paper (2). The loco- 
motive reported on was also a 1/,-size model of a 4-8-4 type 
locomotive and tender. It was a model of a Canadian National 
6200 Class locomotive. : 

The following shows the drag coefficient and how it is obtained: 


’ Numbers in parentheses refer to the Bibliography at the end of 


the paper. 


| 


GRIFFIN—STREAMLINING EFFECT ON AIR RESISTANCE ON STEAM LOCOMOTIVES 


= aAV? 


= resistance, lb 

drag coefficient ; 
= locomotive sectional area, sq ft 
= speed, mph 


where 


~PSog a 
I 


For a bare locomotive without smoke lifters the following were 
obtained: 


Previous test a = 0.3308 
This test a = 0.3541 


The difference in the drag coefficient for the previous test and 
this test is only about 61/, per cent. 

In addition to front-end wind resistance, there are two ad- 
ditional retarding forces. One is a partial vacuum at the rear of 
the tender and the other is skin friction; therefore the drag read- 
ings shown in Fig. 17 cannot be considered as entirely due to 
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front-end wind resistance. Since all five models were the same 
size and had the same tender, it is reasonable to assume that the 
drag, because of these factors, would be practically the same for 
all models under the same conditions of operation. In view of 
this, and the fact that the data are used for comparing the perform- 
ance of the models, one with the other, the difference in drag of 
one compared with another can be used as front-end wind resis- 
tance. 

Fig. 18 shows the drag readings from the curves in Fig. 17 con- 
verted to horsepower. 

Fig. 19 shows how the drags in Fig. 18 change the locomotive 
drawbar-horsepower curve. The base of this figure is curve 1 
which is a bare locomotive with smoke-lifting deflecting plates. 
This curve is taken from published data for an existing modern 
4-8-4 type locomotive. Since this test included a model of a bare 
locomotive with smoke lifters and another model without smoke 
lifters, the difference in drag between the two was due to the 
smoke lifters. This difference was added to curve 1, thus pro- 
ducing curve 2. Curve 3 was produced by finding the difference 
in drag between the bare locomotive and the locomotive covered 
by curve 3, and adding this difference. to curve 2. This same 
method was carried out with the remaining two curves. 

A typical drawbar-horsepower curve drops off after a certain 
speed is reached. The base curve 1 follows this trend after reach- 
ing a speed of 60 mph. Without studying the indicator cards it 
might be assumed this is due to cylinder performance, but Fig. 19 
indicates an important part of the drop is causéd by front-end 
wind resistance. 

Curve 5 shows the best performance with the greatest reduction 


521 


CURVE 1-BARE LOCOMOTIVE -WITH SMOKE LIFTERS 

CURVE 2-BARE LOCOMOTIVE-NO SMOKE LIFTERS 

CURVE 3-LOCOMOTIVE WITH SPECIAL STREAMLINED NOSE AND SMOKE LIFTERS 
CURVE 4-HUET STREAMLINING -WITH SMOKE LIFTERS 

CURVE S-FULL STREAMLINING-WITH SMOKE LIFTERS 


1200 
1100 


1000 


DRAG IN HORSEPOWER 
és . 
° 
i=} 


LOCOMOTIVE SPEED -tMiILES PER HOUR 


Fic. 18 Drac in Horsepower Vs. LocoMotTiveE SPEED 


CURVE 1-BARE LOCOMOTIVE -WITH SMOKE LIFTERS. 

CURVE 2-BARE LOCOMOTIVE -NO SMOKE LIFTERS. 

CURVE 3-LOCOMOTIVE WITH SPECIAL STREAMLINED NOSE AND SMOKE LIFTERS. 
CURVE 4-HUET STREAMLINING -WITH SMOKE LIFTERS, 

CURVE 5-FULL,STREAMLINING -WITH SMOKE LIFTERS. 


- NO AW 


DRAWBAR HORSEPOWER 


LOCOMOTIVE SPEEO-MILES PER HOUR 


Fig. 19 Increase IN DrAwspar Horsepower Dur To StTREAM- 
LINING 
TABLE 3 
————- Horsepower. -———~ 
—-60 mph—~ -—100 mph—~ 
Total Total | 
5 draw- draw- 
bar bar 
Hp hp Hp hp 
drag of drag of 
Line from loco- from  loco- 
no. Locomotive features test motive test motive 
1 Bare modern 4-8-4 type, no 196 4866 945 4220 


smoke lifters 


2 Bare modern 4-8-4 type, with 212 4850 1005 4160 
smoke lifters 

3 Locomotive with special stream- 169 4893 834 4331 
line nose and smoke lifters 

4 Locomotive with Huet streamline 131 4931 628 4537 
and smoke lifters 

5 Locomotive with full streamline 133 4929 562 4603 


and smoke lifters 


in wind resistance. This is the full-streamlined locomotive and 
as previously pointed out, has streamlining similar to that used 
on a Diesel road locomotive. This curve shows the advantage 
this type of streamlining gives the Diesel locomotive. 

Front-end wind resistance is only of interest on locomotives 
when traveling at fairly high speeds; therefore Table 3 was pre- 
pared to show the relative locomotive drawbar horsepower at 60 
and 100 mph. This tabulation is based upon the data shown in 
Fig. 19 and again the existing modern 4-8-4 type locomotive is 
used as a base. Its total drawbar horsepower is shown on line 
2 as 4850 at 60 mph and 4160 at 100 mph. The remaining lines 
in this tabulation were prepared in the same manner as the curves 
in Fig. 19. 
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TABLE 4 ANALYSIS OF TABLE 3 
60 mph 100 mph 
Line Hp 16 60 
A Cost in hp due to applica- Per cent of 
tion of smoke lifters, line total loco- 
2 vs. line 1 of Table 3 motive 
drawbar hp 0.3 1.4 
Hp 27 111 
B Saving in hp due to use of Per cent of 
special streamline nose; total Joco- 
line 3 vs. line 1 of Table 3* motive 
drawbar hp 0.6 2.6 
Hp 65 317 
Cc Saving in hp due to use of Per cent of 
Huet streamlining, line 4 total loco- 
vs. line 1 of Table 3* motive 
drawbar hp 1.3 TO 
Hp 63 383 
D Saving in hp due to use of Per cent of 
full streamlining, line 5 total loco- 
vs. line 1 of Table 3* motive 
drawbar hp 1.3 9.1 


* Drag used in these calculations includes that due to smoke lifters be- 
cause test indicated they were essential to prevent smoke trailers. 


Table 4 gives an analysis of the data in Table 3, and shows there 
is a small cost in drawbar horsepower due to the application of 
smoke lifters. As might be expected, it also shows that all types 
of streamlining tested gave a saving in horsepower. The saving 
shown by the Huet streamlining is particularly interesting since 
it approaches that which might be considered the optimum ob- 
tainable by using full streamlining. This Huet manages to 
accomplish without sacrificing accessibility to the moving parts 
of the locomotive for servicing and repairs. 

The percentages in Table 4 are based on a locomotive develop- 
ing almost 5000 drawbar horsepower. These percentages would 
be greater for a locomotive of less drawbar horsepower. 

Smoke-Lifting Observations. During observations of smoke 
lifting, it was noted that smoke-lifting deflecting plates as ap- 
plied to the bare locomotive were of distinct value in assisting 
smoke lifting; however, there was no indication that their use 
would permit any reduction in stack velocities; in fact, some 
smoke trailing was noted. 

The locomotive equipped with full streamlining and smoke- 
lifting deflecting plates did a better job in lifting the smoke 
than the bare locomotive with smoke lifters, but its performance 
in this respect was not as good as the Huet design. 

The Huet design was outstanding in its performance as re- 
gards smoke lifting. It held the smoke above the cab at high 
engine speeds with as low as 1 lb exhaust pressure, whereas the 
bare locomotive without smoke-lifting deflecting plates could not 
accomplish this with 15 lb exhaust pressure. The Huet design 
performed better with 1 lb exhaust pressure than the bare engine 
with smoke-lifting deflecting plates did at 15 lb exhaust pressure. 

This indicates that with suitable streamlining and smoke lift- 
ers, 1t might be possible to decrease stack velocities to a considera- 
ble degree. If so, the stack diameter could be increased, which 
should permit a proportional increase in the exhaust tip. 

Reduction in Exhaust Pressure. To get some idea of how this 
would work out, take a hypothetical case and see what a small 
increase, such as 10 per cent in stack and exhaust-tip diameters 
would mean in reducing exhaust pressures. This would result 
in an increase of 21 per cent in their areas which would reduce 
the exhaust pressures as follows: ; 


P = exhaust pressure, psig, with original diam of exhaust 
nozzle 


P; = exhaust pressure, psig, with increased diam of ex- 
haust nozzle 
1 
P, bare 
1.46 
Therefore, when P = 20; P, = 18.7 psi 
P= N02 —s Gr 95ps) 
P= 5, Pi = 38.4 psi 
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Although the foregoing figures give an indication of how much 
the exhaust pressure chn be reduced by a slight increase in area 
of the exhaust tip, the following will give some idea of what the 
stack performance should be: 

Saving in Drafting Energy. A discussion (3) of an earlier paper 
(4) furnishes some very interesting information on the subject 
of the energy consumed in the drafting of a locomotive, and how 
this energy is consumed. The curves in Figs. 20 and 21 were 
reproduced from the discussion (3) and relabeled to suit the pres- 
ent paper. Referring to Fig. 20, the upper curve shows the 
total horsepower consumed in the drafting of the locomotive. 
The lower curve shows the horsepower utilized in moving the 
gases of combustion through the boiler and smokebox and out 
of the stack against the differential between the pressure of 
the smokebox and the atmosphere. ‘The difference between the 
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upper and lower curves represents the kinetic horsepower in the 
mixture of gases and steam as they leave the stack. The kinetic 
energy in the mixture leaving the stack is that required to lift the 
mixture to a sufficient height above the locomotive to keep it 
clear of the influence of the eddy currents and low-pressure points 
immediately adjacent to the upper portion of the locomotive. 
If the velocity does not lift the mixture from the stack sufficiently, 
it will flow to the low-pressure points and result in smoke trailing. 

At a rate of 90,000 lb of steam per hr being exhausted from 
the stack, a total of 850 hp was used for drafting the locomotive. 
Of this only 290 hp was used to move the gases of combustion out 


} 
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of the boiler, and the remainder, 560 hp, or 66 per cent of the 
total was used in imparting velocity to the mixture. 

Fig. 21 shows in terms of Btu the energy per pound of exhaust 
steam available for drafting purposes, plotted against the energy 
utilized for this purpose. In the discussion (3) it was pointed out 
- from these: curves, that at a high rate of operation 810 hp was 
utilized for drafting at an efficiency of 30 per cent which repre- 
sents 2700 hp which had to be made available in the form of ex- 
haust steam for drafting purposes. This of course means that 
a substantial exhaust pressure had to be maintained to provide 
this energy for drafting, and therefore its energy was not availa- 
ble for work in the cylinders. 

Returning to the present paper regarding increasing the stack 
and exhaust-tip diameters, ‘assume the stack is increased 10 per 
cent in diameter. This will give a decreased velocity equal to 


191 with a resulting decrease in kinetic energy of steam and 


1 
gases equal to 146 Fig. 21 shows that with 100 Btu available 


per pound of steam, 19.4 Btu are utilized for kinetic energy. 
Dividing by 1.46 gives 13.3. Btu, a saving of 6.1 Btu per pound 
of steam. 

The cylinder efficiency varies with all conditions of operation, 
but a steam rate of 16 lb per ihp-hr is considered reasonably 
good. This corresponds to a heat drop of 159 Btu in the cylin- 
ders. Based on this figure, if 6.1 Btu diverted from the draft 
are utilized in the cylinder, we secure an increase of 3.8 per cent 
in cylinder horsepower. This, converted into additional drawbar 
horsepower, may be added to that seyed by the reduction in 
front-end wind resistance. 

It may be possible to increase the ‘stack and exhaust-tip 
diameters considerably more than 10 per cent. If so, the bene- 
fits will increase accordingly. 

A great amount of effort has been expended to improve front- 
end drafting and considerable progress has been made in that 
direction. Many who have made a study of this subject have 
come to the conclusion that the drafting arrangement within 
the smokebox requires less exhaust pressure for the flow of gases 
through the boiler, smokebox, and stack, than is used in actual 
road service, the excess being provided solely for the purpose of 
smoke lifting. The discussion (8) previously mentioned, and 
two other papers (5, 6) have all brought out this point. In the 
discussion (3) it was further stated that the use of a “‘windshield 
or special streamlining” wouid greatly improve this condition 
and permit a reduction in stack velocities. The observations on 
the present test seem to bear out this contention, and all indica- 
tions are that for the present the problem is outside of the smoke- 
box and will continue to be, until stack velocities are reduced to 
the point where they Peers too low to UE sufficient air to 
support combustion. 


CoNCLUSIONS 


The wind-tunnel test results show that full streamlining on a 
modern locomotive gave the best performance from a wind- 
resistance standpoint. It shows that if applied to a locomotive 
having a drawbar horsepower of approximately 5000 it would 
increase its drawbar horsepower by 1.3 per cent at 60 mph and 
9.1 per cent at 100 mph. 

This streamlining being similar to that used on a Diesel loco- 
motive indicates the advantage the Diesel enjoys because it can 
use this type of streamlining. With a Diesel of one or two units 
these percentages would be much higher because the drawbar 
horsepower would be lower and the wind resistance would remain 
the same.. 

From a smoke-lifting standpoint, this type of streamlining, 
even when equipped with smoke-lifting deflecting plates, was 
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only second best of the models tested. Even if it were satis- 
factory from a smoke-lifting standpoint it would not be con- 
sidered practical from a maintenance and servicing standpoint 
and there was no indication that stack velocities could be reduced 
by its use. 

The Huet design with smoke-lifting deflecting plates gave the 
next best performance from a wind-resistance standpoint. It re- 
duced wind resistance almost as much as did the full streamlining 
with smoke-lfting deflecting plates. The test indicated that 
with the Huet design the drawbar horsepower would be increased 
by 1.3 per cent at 60 mph and 7.5 per cent at 100 mph. Perhaps 
more important is the fact that it was the best of all models 
tested from a smoke-lifting standpoint. Regardless of exhaust 
pressure, or engine speed, it did not trail smoke around the cab 
within the limits of average operating conditions. By this is 
meant, smoke did curl over the side of the locomotive when a 
cross or natural wind of high velocity occurred but it was very 
slight when this wind was 10 mph or less, and while the locomotive 
was at zero to 9.1 deg angle of yaw. The Huet design accomp- 
lished this without sacrificing accessibility to those parts of the 
locomotive requiring servicing and the greatest amount of main- 
tenance. 

The locomotive with the streamlined nose, Figs. 4 and 5, and 
with smoke-lifting deflecting plates, increased the drawbar horse- 
power 0.6 per cent at 60 mph and 2.6 per cent at 100 mph. Al- ~ 
though the usual benefit from a smoke-lifting standpoint was ob- 
tained by the use of the smoke-lifting deflecting plates, there was 
no indication that stack velocities could be reduced. 

The bare locomotive with smoke-lifting deflecting plates (no 


streamlining) showed that the addition. of the smoke-lifting 


deflecting plates decreased the drawbar horsepower to a negligible 
degree. The plates did help considerably in lifting the smoke 
but there was no indication that stack velocities could be re- 
duced. 

The bare locomotive had slightly less wind resistance than the 
bare locomotive with smoke-lifting deflecting plates. Its per- 
formance from a smoke-lifting standpoint was noticeably poor 
after viewing the performance of other models. 

Indications from this test are that the problem of smoke lifting 
is located outside of the smokebox. If the application of suita- 
ble streamlining and smoke-lifting deflecting plates will, in road 
service, reduce or prevent smoke trailing with low exhaust pres- 
sures it may lead the way to improved locomotive performance. 

With present-day improved front-end arrangements, exhaust 
pressures are frequently increased solely for smoke-lifting pur- 
poses and not for the purpose of handling the gases of combustion 
through the boiler, smokebox, and stack. It appears possible 
that the Huet design of streamlining may permit drastic reduc- 
tions in stack velocities which means larger stacks and propor- 
tionately larger exhaust tips. This should result in an appre- 
ciable reduction in exhaust pressures and an increase in drawbar 
horsepower. 

It is hoped that the presentation of this data may contribute 
in some small measure to an improvement in the performance of 
the steam locomotive. 
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Discussion 


C. E. Sperry.‘ The author, his co-workers, and his employers 
should be highly commended for reducing some of the theories on 
atmospheric frictional drag and smoke lifting to definite test re- 
sults. It is gratifying-to see the dramatic way in which the Huet 
design with smoke lifter contributes so convincingly to the safety 
of high-speed operations by lifting the smoke from the engine- 
man’s cab at speeds of 90 mph. 

Unfortunately, these improvements do not solve the problem in 
high-speed passenger service, since the smoke will apparently 
still trail and envelop a 14-car passenger train running into a head 
wind or at small angles of yaw. The effect on many passengers is 
all too similar to flying through a cloud bank, and they generally 
do not know that the engineman is not encountering the same 
annoyance. Passenger acceptance is heavily against the reliable 
old steam locomotive, due to many factors such as black smoke 
and finely divided slate, slag, and earth which has been waste- 
fully heated to 2800 F in the locomotive firebox and then indis- 
criminately showered over the countryside, but due more par- 
ticularly to nation-wide advertising in consumer publications 
by Diesel locomotive builders. 


4 Lieut. Col., Ordnance Reserve, U.S. A., Seaside Park, N. J. 
Mem. ASME. 
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However, it does appear altogether probable that the applica- 
tion of streamlining and smoke lifting to high-speed freight loco- 
motives will contribute to the safety and economy of railroad 
operations. Increase in stack and exhaust passages, perhaps up 
to 10 per cent, is perfectly sound engineering, but railroad ex- 
perience of many trials and errors raises the question of a more 
conservative increase in these openings. If this more conserva- 
tive increase is made in conjunction with controlled admission 
of air to the ashpans, it may result in some over-all definite 
fuel saving per 1000 gross ton-miles per train-hour. The results 
of these wind-tunnel tests add significantly to the mass of reliable 
data on which mechanical engineers may base future draft im- 


locomotive operating speeds. 


Lawrorp H. Fry. The research project described by the 
author represents an important contribution made by the 
Superheater Company to steam-locomotive engineering. It not 
only adds to our knowledge of locomotive wind resistance, but 
provides definite information as to the mechanism of smoke 
trailing and smoke lifting. 

It is to be hoped that Mr. Griffin’s paper will not be treated as 
just another paper on streamlining, to be noted and filed. 

The Huet method of streamlining offers two important ad- 
vantages. In the first place it uses the forward motion of the 
locomotive to lift the smoke clear of the cab and thus enables the 
back pressure against the pistons to be reduced so as to give 
increased drawbar pull with no increase in steam consumption. 
In the second place the special streamlining reduces the locomo- 
tive resistance so that the gain in effective power is double. 


AvuTHOR’s CLOSURE 


The points raised by Mr. Sperry are indeed interesting. Even 
if the addition of the Huet streamlining does not have any apprecia- 
ble effect in preventing smoke from trailing around passenger 
cars it will have a distinct advantage of providing greater safety 
in locomotive operation. This will be true both on passenger 
and freight locomotives. The example used to show the effect 
of increasing the stack and exhaust tip by 10 per cent was in- 
tended merely as an illustration. Just how far this can be 
carried can only be determined by trial. 

Mr. Fry’s comments, I know, are based upon a wide knowledge 
of the subject, and it is hoped that this paper and Mr. Fry’s 
discussion of Mr.*Sanford’s paper will serve to bring about 
greater efforts to utilize the benefits of streamlining to increase 
exhaust tips and stack diameters. 


® Director of Research, Steam Locomotive Research Institute, 
Inc., New York,N. Y. Fellow ASME. 


Frequency-Response Measurements of 
a Hydraulic Power Unit 


By M. R. HANNAH,! GREAT NECK, N. Y. 


Hydraulic power units continue to find important ap- 
plications in a wide variety of servomechanisms wherein 
high-performance power sources are required. In such 
applications the servo designer is concerned with the 
fidelity of the power unit in responding to the controlling 
signals, and this information is often obtained or cor- 
roborated by means of experimental data. This report 
outlines an investigation into the dynamic response of a 
typical hydraulic power unit comprising a transmission 
and associated stroke control. The well-known tool of 
frequency analysis has been employed to investigate the 
effects of certain system parameters on the performance 
of the several components of the power unit. The results 
have been evaluated with a view toward effecting im- 
provement in the response of the power unit as a whole. 


INTRODUCTION 


NE of the essential components of every servomecha- 
() nism is a source of power whose output to a controlled 
member is a time-varying function of some initiating 
signal. ‘The latter occurs frequently at an extremely low energy 
level, so that, in general, some form of amplification is required 
prior to the final transfer of energy from the power source to the 
load. Each stage of energy amplification contributes something 
to the total time lag with which the power source responds to a 
signal, and it is often necessary to determine the magnitude not 
only of the total time lag but also of the individual lags occur- 
ring in each of the components of the servomechanism. 

One of the most eonvenient methods for determining these 
response characteristics is that of alternating-current analysis, or 
frequency analysis, whereby the response of the servosystem, 
or of any of its components, to sinusoidal inputs is determined 
as a function of input frequency. While the theory of alternat- 
ing-current analysis as applied to servomechanisms has been 
much discussed (1, 2, 3),2 the actual techniques of measurement 
of frequency-response characteristics have not been widely pub- 
lished. The purpose of this paper is to present the procedures 
and results of a typical investigation into the dynamic behavior 
of a particular hydraulic power unit. The basic measuring 
techniques to be described were first acquired by the author in 
the Automatic Control Laboratory of the Department of Elec- 
trical Engineering at the Massachusetts Institute of Technology 
where considerable attention has been devoted to the study of 
hydraulic servomechanisms. 


OBJECT OF THE INVESTIGATION 


The primary object of the investigation was to measure the 
dynamic response of a Vickers model AA-16850 aircraft duplex 


1 Armament Engineering Division, Sperry Gyroscope Company. 
2 Numbers in parentheses refer to the Bibliography at the end of the 
aper. 
: Content by the Industrial Instruments and Regulators Division 
and presented at the Annual Meeting, Atlantic City, N. J., December 
1-5, 1947, of Tar American Socrpety or MrecHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—-A-70. 


hydraulic power unit, each half of which consists essentially of a 
fixed-displacement axial-piston hydraulic motor (0.378 cu in. per 
revolution), supplied in either direction with oil under pressure 
from a variable-displacement axial-piston pump (0.319 maximum 
cu in. per revolution). The nominal rating of the transmission 
is approximately 4 hp. The displacement of the pump is con- 
trolled by a small hydraulic amplifier of which the pilot or 
control valve is positioned by means of a differential solenoid. 

It was desired to measure the response not only of the power 
unit as a whole but also of each of the elements making up the 
complete power unit. These elements were divided into the 
following components: 

(a) The control solenoid, together with the pilot valve and 
associated linkage, as well as the power-amplifier stage which 
supplied the differential current to the solenoid windings. The 
motion (X,) of the pilot valve in response to an input voltage 
(#;) applied to the power amplifier is represented by the func- 
tion . 


K,G,(s) = Es) Sarah, Biial, eels syn Cantal Leena Re {1] 


where s represents the operator d/(dt). 


(6) The hydraulic amplifier, with the power piston attached 
to the pump yoke. The motion (X,) of the power piston in re- 
sponse to motion of the pilot valve is represented by the func- 
tion 


(c) The hydraulic transmission, comprising the pump, or 
A-end, the motor, or B-end, and connecting conduit, with the 
B-end subject only to inertia and viscous-friction loads. The B- 
end velocity (w)) in response to motion of the power piston is 
represented by the function 


Fig. 1 shows a block diagram of the system elements as de- 
fined. 


MEASUREMENT OF PERFORMANCE 


The performance of each of the various elements of the power 
unit was assessed on the basis of its response to a constant- 
amplitude, variable-frequency, sinusoidal, signal voltage applied 
to the grids of the power-amplifier stage. No quantitative infor- 
mation was sought regarding the response of the elements to 
transient signals. 


Scops oF INVESTIGATION 


An analysis of the performance of the transmission alone had 
been made previously (4). In the present investigation it was 
desired: 


(a) To corroborate the transmission performance as_pre- 
dicted by the foregoing or similar (see Appendix) analysis. 
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(6) To determine the variation in performance with each 
of several controlled parameters such as B-end load inertia, 
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Fig. 1 Derrnition or ELEMENTS 
stiffness and inertia of solenoid and linkage, replenishing pres- 
sure and amplitude of input signal. 


(c) To employ the results of item (6) in choosing the most 
promising avenue of approach to the problem of improving the 
over-all response of the transmission and stroke control. 


(d) To develop response equations which would approxi- 
mate the observed response of the transmission and of the stroke 
control. These equations would be of value in any analytical 
representation of the hydraulic power unit as a servocomponent 
and would also indicate to some extent, by comparison with the 
observed response, the linearity of the system elements. 


TECHNIQUE OF MEASUREMENT 


The methods employed for the measurement of the desired 
quantities are summarized in Fig. 2. The most difficult measure- 
ment was that of the quantity X, (pilot-valve motion). A simple 
photoelectric pick-off was developed which performed well and 
added very little mass or friction to the moving system of the 
pilot valve and solenoid linkage. A diagrammatic sketch of the 
pick-off is shown in Fig. 3. 

The motion of the power piston was measured by means of a 
very small selsyn unit geared to a rack which was: fixed to the 
lower end of the piston rod. The selsyn excitation was obtained 
from another similar selsyn which afforded a convenient means 
of adjusting the neutral position of the pick-off selsyn, 

The output speed was measured by means of an alternating- 
current tachometer using 400-cycle excitation. »The use of a 
direct-current generator for this measurement was avoided only 
because a good direct-current tachometer with high ripple fre- 
quency was not readily available. The frequency response of 
each of the measuring circuits, as well as that of the reference 
voltage circuit, was obtained in order to correct for their effects 
upon the measured quantities. 

The phase and amplitude measurements were made by means 
of a cathode-ray oscillograph having a long-persistence screen. 
The measured voltages were taken directly to the direct-current 
section of the vertical amplifier, while a synchronized reference 
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voltage was applied to the direct-current input of the horizontal 


amplifier. 
The signal generator consisted of a specially designed com- 
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position potentiometer, rocked sinusoidally by means of a 
synchronous motor and gear train, the latter being designed to 
permit signal frequencies of 1 to 60 cycles per sec to be obtained 
in unit steps. An auxiliary direct-current motor provided fre- 


quencies as low as 0.01 cycles per sec for “zéro-frequency’’ cali- 
bration. 


REsuuts or Tests 


Breakdown of Dynamic Response. Fig. 4 shows the response 
of the solenoid and linkage, i.e., from the signal voltage E, to 
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the motion of the pilot valve X,. The phase shift from input 
voltage to solenoid current is also shown, and is seen to account 
for relatively little of the total phase shift of the solenoid-linkage 
element. The amplitude characteristic of the solenoid current 
response is not shown because it was negligibly affected by fre- 
quency in the range below 60 cycles per sec. 

The response of the hydraulic amplifier is shown in Fig. 5. 
The response functions for the hydraulic amplifier alone were 
obtained by dividing the response of the stroke contro] K,G,(s), 
see Fig. 1, by the response up to the pilot valve, KiGi(s). Simi- 
larly in Fig. 6 the response of the transmission was obtained 
by dividing the over-all response of the transmission and stroke 
control by that of the stroke control alone. The resulting 
amplitude and phase functions of the transmission response 


correspond to a particular value of output load inertia 


(13.3 in®-lb). 
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(Inertia load = 13.3 in*lb.) 
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Fic. 7 Response or SOLENOID AND LINKAGE AS A FUNCTION OF 
PiLot-VALVE COERCION 
(K/M = 3.8 X 104 sec~2.) 


Coercive Reaction’ Upon Pilot Valve. In Fig. 7 curves A indi- 
cate the frequency response of the solenoid, linkage, and pilot 
valve, where the pilot valve has been removed from its sleeve 
and is freely suspended from the linkage. These curves are, in 
general, quite similar to those which represent any simple mass- 
spring viscously damped system with a relatively small damping 
ratio, and they indicate that the system could be represented by 
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means of a second-order linear differential equation. Curves B 
show the response of the same system but with the addition of 
the friction existing between pilot valve and sleeve. Curves: C 
show the same system when subjected also to the hydraulic reac- 
tion forces on the pilot valve, resulting from the porting of oil 
to the hydraulic amplifier. 

Fig. 7 shows conclusively that the hydraulic reaction upon the 
pilot valve results in severe damping of the valve motion. Ob- 
viously, the effect: of this reaction could be lessened by increasing 
the stiffness of the moving system but this would in turn call for 
larger forces to be supplied by the solenoid. 

Amplitude of Stroke. In order to gage the effect of the ratio 
of dead space to maximum valve travel upon the measured re- 
sponse of the solenoid-linkage system, the stroke amplitude was 
made a variable quantity. Strokes of 10, 15, and 20 per cent 
(zero frequency values) were employed but little variation was 
noted in the response up to 48 cycles per sec. The term “per 
cent stroke” refers to the ratio of the peak value of pilot-valve 
travel during any half-cycle of its motion (measured at 0.01 
cycle per sec) to the travel required to raise the B-end speed from 
zero to maximum. Since it requires nearly 0.10 in. of travel to 
produce full stroke (i.e., full B-end speed), the value of per cent 
stroke also indicates the actual pilot-valve peak travel in thou- 
sandths of an inch. 

Mass and Stiffness of Solenoid and Linkage. Fig. 8 shows the 
results obtained by decreasing the mass M, of the moving sys- 
tem and increasing the stiffness K, of the recentering springs. 
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Fic. 8 Responsb oF SOLENOID AND LINKAGE AS A FUNCTION OF THE 
Mass-Stirrness Ratio K/M 


The response of the solenoid and linkage when K/M was raised 
» to 11.5 K 104 sec is contrasted with the response obtained with 
K/M = 3.8 X 104 sec~*. The results indicate that very worth- 
while improvements can be effected in the response of the stroke 
control by the use of a stiffer.and lighter solenoid-linkage sys- 
tem. However, an increase in K is worth more than a decrease 
in M, since a stiffer system would be less affected by hydraulic 
reaction upon the pilot valve. 

Replenishing Pressure. In view of the pronounced effect of the 
hydraulic coercion upon the pilot valve, as exhibited in Fig. me 
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it was considered advisable to investigate the magnitude of the 
effect with different values of replenishing pressure, P,. The 
results are shown in Fig. 9 where the response of the solenoid and 
linkage system is plotted for replenishing pressures of 25, 65, and 
95 psi. The most pronounced effect appears in the amplitude 
function where, as would be expected, the lowest pressure re- 
sulted in the least coercion of the pilot valve and+hence the least 
attenuation of motion. The phase function shows a smaller 
per cent variation and is less consistent throughout the fre- 
quency spectrum. 
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: REPLENISHING PRESSURE 


Magnitude of Inertia Load. The dynamic response of each of 
the three main elements was measured as a function of inertia 
load on the B-end shaft. It was apparent that the response of 
both the solenoid-linkage system and the hydraulic amplifier 
was relatively independent of output-load inertia. The effect 
of the inertia-load parameter upon the response of the transmis- 
sion is shown in Fig. 10. Loads of 1.0, 4.9, 7.7, and 13.3 in®Ib 
were employed (these values include the inertia of the hydraulic 
motor and tachometer). 

It can be shown® that if the B-end viscous damping is very low, 
then the natural frequency of the hydraulic transmission is given 
by the relation : 


dn 
a an ieee PC eS le cee [4] 
where 
d» = motor displacement per radian of revolution 


e = coefficient of compressibility of the oil 
V = volume of oil in high-pressure side of transmission 


J = 


Then, substituting rated values of d,, = 0.06 cu in. /rad, and e = 
4 X 10°* in*lb and the measured value of V = 2.44 in.3, with 


B-end load inertia, including that of motor 


3 Appendix, Equation [39]. 
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INERTIA LOAD 


inertia loadingZofg 13.3, 7.7, 4.9, and 1.0 in™lb, the following 
results are obtained: 


Calculated Observed 
Load inertia, natural frequency, natural frequency, Error, 
in?-lb cycles per sec cycles per sec per cent 
13.3 eh 8 16.0 8.6 
Tse PAULI PP om as 
4.9 PAY >) 26.0 4.4 
1.0 60.4 49.6 18. 


While the agreement of these results is well within reason, it 
is perhaps a fairer test of the theory to put f, = C/ / J and to 
evaluate C from observed data for one load condition, say, 
13.3 in?lb. Then, using this value of C to find the natural 
frequency for the other load conditions, there results the follow- 
ing: 


Calculated Observed 
Load inertia, natural frequency, naturalfrequency, Error, 
“in*lb cycles per sec eycles per sec per cent 
Chath Qe2 2122 0 
4.9 26.3 26.0 i, 
1.0 58.4 49.6 Wes 


From either point of view the agreement of calculated with ob- 
served results is quite good (for all but the minimum-load case), 
particularly in view of the approximations made in reducing the 
expression for fn to the simple relationship used. 

Over-All Response. Fig. 11 shows the over-all response of the 
transmission and stroke control obtained with 10 per cent stroke 
and a mass-stiffness ratio K/M = 11.5 X 104 sec~? in the sole- 
noid-linkage system. The variable parameter was inertia load, 
values of 13.3, 7.7, and 4.9 in*lb being used. 


ANALYTIC APPROXIMATIONS 


Stroke Control. On a basis of the maximum phase shift en- 
countered throughout the spectrum of test frequencies, it was 
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Fig. 11 Over-ALt Response oF TRANSMISSION AND STROKE Con- 
TROL 
(Input K/M = 11.5 X 104 sec~2.) 


apparent in Figs. 5 and 8 that the predominant characteristic 
of the response of the solenoid and linkage system was that of a 
second-order linear differential equation, while the response of 
the hydraulic amplifier was essentially that of a simple time-lag 
device. Consequently it was decided to approximate the re- 
sponse of the complete stroke control by means of a third-order 
characteristic equation. t 

Evaluating the coefficients of this equation by means of the 
stroke-control phase function, the calculated response was then 
plotted as shown in Fig. 12, for comparison with the observed 
response. The agreement in amplitude is quite good while the 
phase agreement is exceptionally good up to 50 cycles per sec. 
The response equation thus obtained was 


1 
G = 3 
e(s) 2.82 X 107788 + 6.40 X 10~§s? + 3.72 X 10-*s + 1 
oie teres [5] 
This equation factors into 
KE 


G(s) = 


(0.033 s + 1) (s + 98.5 + 7 341) 


Now the right-hand side of Equation [6] can be expressed in 
the general form 


K’ 
(Ts + 1) (s? + 20,8 + wn?) 


G(s) = 


where 7’ represents a single-order time lag, while ¢ and w, repre- 
sent, respectively, the damping ratio and the undamped natural 
frequency of the quadratic factor. Thus by the equality of 
Equations [6] and [7], the stroke control is the equivalent of a 
simple time lag of 0.033 sec in cascade with-a two-energy-storage 
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(Input K/M = 11.5 X 104 sec ~2.) 
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system having a damping ratio of 0.28 and an undamped natural 
frequency of 56.5 cycles per sec. 

Transmission. The transmission response was approximated 
(for the Jo = 13.3 in™-lb condition) by means of a quadratic 
function. Fig. 13 shows the comparison of the calculated with 
the observed response. Here, too, the amplitude agreement is 
quite good, and the phase agreement very good. The response 
equation was 

il 


Gls) = Toy IOP 5BS KIO I 


which yields a damping ratio of 0.25, and an undamped natural 
frequency of 14.5 cycles per sec. 
Over-All Response. The response equations for the stroke 
control and transmission were multiplied together to yield 
1 
3,00) OT Ms 9.185 x 10%s* 15.09 10-8 48 
3.82 105 fs? 4 125 X10 %5' +-1, «5. [9] 


G(s) = 


The comparison of calculated and observed over-all response ap- 
pears in Fig. 11 where it can be seen that the calculated response 
is somewhat optimistic in amplitude up to 16 cycles per sec but 
very close thereafter, while the phase-function agreement is 
reasonably good up to 18 cycles per sec and optimistic there- 
after. 

The general agreement in phase and amplitude is surprisingly 
good in view of the simplifications made in the representation 
of the physical systems by means of the low-order constant- 
coefficient equations used. 


EVALUATION OF RESULTS 
Stroke Control. Referring to Fig. 11, the useful frequency 
range of the combined transmission and stroke control for Jo = 
13.3 in*-lb might arbitrarily be stated to be approximately 16 
cycles per sec since the amplitude up to this frequency is greater 
than 0.5 and falls off rapidly thereafter. During the first two 


TRANSACTIONS OF THE ASME 


JULY, 1948 


25 
——+——_ OBSERVED 


——— — CALCULATED FROM 
: | 
nda Asé + Bs tl 
A=12x10* 


B=5.4x10> 


AMPLITUDE RATIO 


PHASE ANGLE DEGREES LAG 


Fig. 13 QuaprRaTIc APPROXIMATION OF TRANSMISSION RESPONSE 
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thirds of this range the major contributions to over-all attenua- 
tion and phase shift are made by the stroke control. At 8 cycles 
per sec, for example, the phase shift in the stroke control is nearly 
77 per cent of the total. In view of this fact the generalization 
may be made that a worth-while improvement in over-all re- 


, Sponse may best be obtained through the medium of an improved 


stroke control. It is apparent from Fig. 8 that some improve- 
ment can be obtained by increasing still further the stiffness-to- 
mass ratio of the solenoid-linkage system. Such a procedure 
would require a solenoid (or other electromechanical conversion 


device) having a higher force-to-mass ratio than that of the | 


solenoid used here. Efforts have already been expended to ob- 
tain an improved solenoid or torque motor for use in stroke- 
control systems (5). 


However, the major improvement needs to be effected in the ~ 


hydraulic amplifier itself. At 8 cycles per sec, the amplifier 
contributes about two thirds of the stroke-control phase shift 
(see Figs. 8 and 12). Now it may be shown (Appendix, Equation 
[25]) that the response of the amplifier can be expressed approxi- 
mately by the relation 


ARK, = Fob + APE = 


Xe => 
> ML s?+ (Lf +4A%s +2 KRA 


= area of smaller face of power piston 

= flow rate of pilot valve per unit displacemént 
= reaction of pump upon yoke 

= coefficient of leakage of metered oil 

= replenishing pressure 

= mass of power piston, linkage, yoke, and sleeve 
= coefficient of viscous friction 

= ratio of sleeve motion to power-piston motion 


This equation indicates that the hydraulic amplifier should have 
an undamped natural angular frequency of 
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and a damping ratio equal to 


fL + 4A? 
W/8LMKRA 


The constants f, L, R, and M offer little promise for improvement. 
The valve rate K might be increased a limited amount but is ef- 
fective only to the 1/, power. It-would appear then that the 
most promising approach would be to decrease the piston area 
which is effective to the 3/. power in the damping term. The ex- 
tent to which this course might be carried would be limited by 
the allowable corresponding increase in the value of the replen- 
ishing pressure. It should be possible to raise P, by a factor of 
2 to 3 (65 psi is normal) without seriously increasing the coercive 
effects upon the pilot valve. Hence the area could be reduced 
by a factor of one half to one third. : 

If the leakage be neglected, the amplifier-response equation 
reduces to 


iwtaih 1 


That this simplification is still a glose approximation to the ob- 
served response is evident in Fig. 12 wherein’ the third-order 
characteristic equation includes the amplifier as a simple time lag. 
Now the time constant 2A /(RK) can be cut in half by the use of a 
four-way valve, together with a power piston having equal areas 
(A) on both sides. However, the gain here is offset by the fact 
that the hydraulic reaction upon the pilot valve is approximately 
double that experienced by a three-way valve of the same diame- 
ter. In other words, a given solenoid will allow a larger K to be 
employed with the three-way valve, so that an evaluation of 
the net effect upon the time constant occasioned by the use of a 
four-way valve requires a more extensive investigation into the 
matter of pilot-valve coercion than has been attempted here. 

A further possibility in the matter of increasing the effective 
value of K lies in an improvement of the pressure regulation of 
the replenishing system. The gage value of P, was observed to 
fall more than 50 per cent with step-function inputs to the pilot 
valve. Such a pressure drop results in a lower rate of flow of oil 
through the valve, i.e., a drop in the value of K. 

Transmission. The outlook for the transmission must be 
evaluated on the basis of its response equation (Appendix, Equa- 
tion [36]) 


(dy)maxN , 
Nm din 
XS buted, fue Vande: pa le 
e m t mst 
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N,, = speed of B-end (motor) 

N, = speed of A-end (pump) 
X = per unit stroke of A-end 

d, = displacement of pump per radian of revolution 
L, = coefficient of total leakage of pump and motor 
fm = viscous friction of motor and load 


(Remaining symbols as previously defined) 
The characteristic system equation yields an * undamped 
‘natural angular frequency 
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and a damping ratio 


2S TeV (fnlr + 4,,”) 


If the viscous-friction term is relatively small (as is generally 
true) then these expressions reduce to 


Undamped natural frequency, w, = 


Damping ratio, ¢ = 


Thus for a given transmission and load inertia the adjustable 
parameters can be merely V and ZL, and of these only V affects 
both terms by useful amounts. The leakage coefficient L, 
could be used to control the damping ratio but would have an 
adverse effect upon the “torque stiffness” of the transmission 
from an open-cycle viewpoint. Consequently it appears that 
improvement in transmission response may be obtained readily 
only by reducing the high-pressure oil volume, which implies 
keeping the conduit distance between pump and motor as short as 
possible. 

It should be noted that any expansion of the conduit under 
pressure constitutes in effect an increase in the compressibility 
of the oil and hence should be held to a minimum by the use of 
relatively strong conduit material because, since both the natural 
frequency and the damping ratio vary approximately as the in- 
verse of the square root of the compressibility factor (if the vis- 
cous-friction load is small), very desirable increases in both terms 
can be achieved by minimizing the expansion as well as the volume 
of the conduit. 


Nores oN PROCEDURE 


Equipment Required. Although the scheme of measurement 
as outlined in Fig. 2 required a considerable amount. of labora- 
tory equipment, extensive use was made of standard laboratory 
electronic and mechanical components (6) with attendant savings 
in labor and time. Views of the signal generator and the hy- 
draulic power unit appear in Figs. 14 and 15, respectively. In 
Fig. 15 can be seen the photoelectric pick-off with its adjustable 
mounting, the latter feature being necessary in order to make the 
zero-signal position of the pick-off shutter coincide with the neu- 
tral position of the pilot valve. The latter position was made an 
arbitrary value, rather than that which resulted in zero output 
speed at the B-end. Such a procedure is an artifice which avoids 
or at least minimizes the undesired effects of the dead space oc- 
curring at the neutral-stroke position. The neutral position 
actually employed for the pilot valve was that which yielded an 
output speed approximately one half of maximum, namely, 
1500 rpm. The output voltage (#;) from the signal generator 
then served merely to vary the output speed sinusoidally about 
this mean or neutral value. Consequently the output voltage 
from the alternating-current tachometer geared to the B-end had 
a steady component (i.e., a 400-cycle carrier) with a sinusoidal 
modulation of small amplitude. It was then necessary to remove 
this steady component from the tachometer signal by means of an 
alternating-current bias voltage of controlled phase and ampli- 
tude in order that the modulation alone might be amplified and 
demodulated prior to measurement on the oscillograph. ° 

In order to minimize the effects of entrained gas upon the com- 
pressibility of the oil and of temperature upon the oil viscosity, 
the oil for the transmission and hydraulic amplifier was drawn 
continuously from a large external sump wherein the oil tempera- 
ture was maintained at 60 + 1 deg C by means of thermostati- 
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Fig. 14 VARIABLE-FREQUENCY SIGNAL GENERATOR 


Fic. 15 Hyprauric Power Unir 


cally controlled electric heaters. The oil used was AN-VVO-366 
hydraulic fluid. 

Method of Operation. With all measuring components and 
bias voltages adjusted for zero output with zero signal, the 
signal generator was driven at approximately 0.02 cycle per 
sec (referred to as ‘‘zero frequency’’) with sufficient output volt- 
age to achieve the desired stroke amplitude. The gain in each 
measuring circuit was then adjusted to provide suitable vertical 
deflections of the oscillograph beam (i.e., full-scale deflection for 
the quantities X,, and w, half-scale or less for X, to enable the 
resonant peak to be read). The phase-angle dial (6 in Fig. 2), 
was then adjusted to cause the beam to cross the neutral axis 
at the same point after each half cycle, or in other words, to pro- 
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duce the nearest approach to a straight-line trace on the screen. 
In this objective the use of a long-persistence screen proved very 
helpful. 

Then with the signal generator operating at each of several suita- 
ble speeds throughout the useful frequency spectrum, the phase 
and amplitude functions of the quantities X,, X,, and wo were 
measured in quick succession. The amplitude in each case 
was the over-all vertical height of the trace on the screen (ex- 
pressed as a fraction of the zero-frequency height), while the 
phase angle was the difference between the zero-frequency read- 
ing of the phase dial and that reading which resulted when the 
phase dial was rotated sufficiently to obtain a straight-line trace 
or the closest approximation. Coulomb friction and other ef- 
fects caused the optimum trace to assume an elongated and ir- 
regular figure-eight shape, in which case the criterion for adjus- 
ment was to obtain equal loop areas. By means of this proce- 
dure the average phase-shift reading could be repeated to within 
2 per cent over the range of interest. 

Difficulties Encountered. The measuring technique outlined 
in Fig. 2 proved generally satisfactory, although certain dif- 
ficulties were encountered. The major problems were those of 
shielding and filtering in order to minimize the 60-cycle and 
400-cycle pick-up. Such noise in any of the signal voltages ob- 
scured the reading of signal amplitudes (i.e., the vertical deflec- 
tions) on the oscillograph screen, while ripple in the reference 
voltage (horizontal deflection) increased the difficulty of applying 
a consistent criterion for phase adjustment. 

On the other hand, the filtering-out of noise had to be held toa 
minimum in order to maintain a satisfactory frequency response 
in the measuring circuits. This was particularly important in the 
matter of the amplitude functions, since the attenuation of the 
signals in the measuring circuits narrowed the frequency range 
over which reliable amplitude measurements could be made. 

Coulomb friction effects in the solenoid and linkage system re- 
sulted in nonsinusoidal wave form in the motion of the pilot 
valve which in turn obscured the phase adjustment as previously 
mentioned. This difficulty was considerably lessened with the 
use of stiffer recentering springs and stronger input signals. The 
photoelectric pick-off proved highly satisfactory after prelimin- 
ary difficulty in making it linear. The nearly perfect frequency 
response of this pick-off avoided some of the labor required to 
correct observed data for nonperfect response in the measuring 
circuits. ' 

Noise in the B-end tachometer signal was particularly trouble- 
some, even with the use of an alternating-current tachometer. 
This noise appeared to. be a function of A-end displacement and 
consequently varied in amplitude with that of the output signal. 
The most prominent noise frequency was in the neighborhood of 
30 cycles per sec, and the fact that this lay within the range of 
signal frequencies made adequate filtering inapossible. 

Curve Fitting. The linear equations approximating the re- 
sponse of the stroke control and the transmission were obtained 
by fitting curves to the observed phase-shift functions in each 
case. This procedure was adopted because it was felt that the 
accuracy of phase measurement exceeded that of the amplitude 
ratio. Further, the arithmetic involved was somewhat less 
laborious in fitting to the phase-shift curves, particularly in the 
case of equations of order higher than second. 

The method, briefly, consists in first choosing the order of the 
approximating equation, based upon the number of quadrants 
swept throygh by the phase function before approaching an 
asymptote. Then the equation thus chosen is converted into its 
phase component, and the coefficients of the latter are evaluated 
by substituting the necessary number of points from the ob- 
served phase-shift curve. The success of the approximation 
of course lies in the choice of points, care being taken to select 
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points which appear most in accordance with the probable trend 
of an equation of the order chosen. In the case of cubics or 
higher, the choice of points will usually be indicated by signifi- 
cant convolutions in the amplitude function. More precise 
methods of curve fitting exist but the foregoing trial-and-error 
approach is simple and relatively fast and is generally con- 
sistent with the accuracy of the observed data. 

A simple example is the approximation of the transmission 
response. Since the phase-shift curve approaches 180 deg asymp- 
totically, the equation must be second order. Then the form 
of the response equation is 


1 


G(s) Ss RTL SET 
as? + bs + 1 


or, for a sinusoidal, varying-frequency driving function where ’ 


S = jw, the frequency response becomes 


1 eid 
G(jw) = —— .. [18 
ty (1 — aw?) + jhe V (1 — aw)? + (bw)? 8) 
where 
bw 
6 = — tan7! eee ee {19] 


Since there are two unknown coefficients, two points on the ob- 
served response curve will suffice. In the case in question the 
points chosen (on the J = 13.3 in%Ib phase curve, Figs. 10 and 
13), were at frequencies of 7 and 19 cycles per sec approximately. 
Then substituting each of these values of w and the tangent of 
its corresponding phase angle into the expression for 0, the coef- 
ficients a and b are evaluated, enabling the phase and amplitude 
functions to be calculated. One or more successive trials using 
other points may be required so that the best average fit (or the 
best fit over a range of particular interest) may be chosen.’ 


CONCLUSION 


The scope of this investigation has by no means been exhaus- 


tive. Inevitable compromise has left much useful information 
still to be desired. In such a category might be listed the follow- 
ing: 


1 The effect of conduit length and diameter upon trans- 
mission response, from the standpoint of fluid friction. 

2 The nature of the hydraulic reaction of the A-end upon the 
yoke linkage as a function of pressure and stroke amplitude. 

3 The magnitude of the stroking forces as a function of fre- 
quency and of stroke amplitude. 

4 The effectiveness of a suitable feedback network from the 
power-piston signal to the input circuit for the purpose of im- 
proving the response of the stroke control. 

5 The nature of the transient pressure occurring in the con- 
duits as a result of impulse loads. 


Nevertheless, it has been shown that the over-all response 
of the transmission and stroke control can be represented by a 
linear constant-coefficient differential equation of relatively low 
order. Further, the response of the various elements in the power 
unit has been measured and compared in order to assess the mer- 
its of these elements in a servoloop and to provide a basis for 
the design of power amplifiers to be used to stroke larger trans- 
missions. In addition, certain evidence has been established 
concerning the magnitudes of the effects of various parameters 
upon the dynamic behavior of the several elements in the power 
unit. ; 

The evolution and refinement of measuring techniques inci- 
dental to the progress of this investigation can be expected to 
bear fruit in any similar work subsequently undertaken. 
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Appendix 
ANALYSIS OF HypRAuLIC AMPLIFIER (7) 


The hydraulic amplifier may be represented diagrammatically 
as shown in Fig. 16. The following nomenclature will be used in 
the Appendix: 
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Fie. 16 DriaGRAMMATIC REPRESENTATION OF HyDRAULIC AMPLIFIER 


M = mass of power piston and yoke 
f = viscous friction in moving system 
X, = position of pilot valve relative to its neutral position 
X, = position of power piston relative to its neutral position 
= pressure above power piston 
, = replenishing or control pressure 
A = area of smaller face of power piston 
L = coefficient of leakage past power piston 
R = ratio of sleeve travel to power-piston travel 
Fy = reaction of A-end upon yoke linkage 


Assume that the leakage is proportional to pressure difference. 
Assume that the oil flow from the pilot valve is proportional to 
the travel of the pilot valve relative to that of the sleeve. Then 
valve flow rate = K(X, — RX,), and leakage flow rate = L(P, 
— P.). Therefore, neglecting the compressibility of the oil, 
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the total flow rate into the cylinder = LP, — P;) + 2 AsX,, 


where s represents the operator d/(dt). Then 
BX BX) = Eg tN ine oa [20] 
or ; 
(pe ee es et CS is eee [21] 
TNOVER CET OOM, 074 UP on eam Boot [22] 
Reaction force on piston = (Ms? + fs)X, #Fo..... (23] 
Equating [22] and [23] 
pp MEFORABAP yg 
From Equations [21] and [24] 
es ee ele eae [25] 
> MLs? + (Lf + 4A2)s + 2KRA 
If the leakage be neglected 
ae 
X, = = Se EO et ee On [26] 
RK Jap il 


ANALYSIS OF HypRAULIC TRANSMISSION 
Referring to Fig. 17, let 
Qn» (Q,) be rate of flow of oil through motor (pump) 
Qim, (Qzm) be direct leakage from motor (pump) to sump 
Qum2, (Qry2) be differential leakage across motor (pump) 
P,,, (P,’) be inlet pressure at motor (outlet pressure at pump) 
P., be replenishing pressure 


Assume leakage is proportional to pressure difference and that 
e 
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Pr 


Fie. 17 .ScHEMATIC REPRESENTATION OF TRANSMISSION 


leakage may be lumped from the high-pressure side so that 


Oia t+ Qtpz OL = PEP) [27] 
and 

Qiinl + Qrme2 <3 Qrum — Lm(Pm— P;) Gita fas caoheae [28] 
Hence 

A Fala BEY eR Bae 9 Es Batt Dp 18 cu <a) Wen A eee [29] 
Let : 
k d,,, (d,) be displacement of motor (pump) per radian of revolu- 
tion 


Nn, (Nz) be speed of motor (pump) 
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Then 
Q, = 4,N, grid @ a= SINE Teer eens 2 (30) 


The theoretical motor torque is equal to the delivered torque 
plus the loss due to viscous friction in the motor, that is 


dP OP Ey SN ee eee [31] 
From Equations [29] and [30] . 
dN 5 — Lig Ps —f in Pg 2 le Gag Ne ce [32] 
Neglect pressure drop in conduit, i.e., 
Po = ie 
Assume that 
Volume of oil compression = (P,, — P,jeV 


where 


e = coefficient of compressibility 
V = volume of oil in high-pressure line + x(d,, + d,) 


Then 
aNy = (LytL,) 0, —P?,) +4, Fa eee 


Assume that the delivered torque is equal to a load torque 7 
plus an inertia reaction torque, i.e., J = To + JsN,,, where J is 
the total inertia of load and motor. From Equation [81] 


(P,, — P,) (Te NUJs efoto 


ave 
= i, 
Let 


From Equations [33], [34] 


d,dp,Np = To(L, + seV) + N,, JeVs? + (LJ + f,eV)s 
hfe | ee ee [35] 


Let X be a per unit pump stroke so that 
xX (d,) max > d, 


Then, letting T, be zero, the response of the transmission becomes 


(d,) max 
Noes eds N, [36] 
ie aa FEV OUT FE) ee 
eee t ue 
at (Se + i 
From Equation [86] the characteristic natural angular fre- 
quency is : 
Hf mabe ata d,? 
r \ TeV [37] 
and the corresponding damping ratio is 
fmeV +JL 
Be es 23) 


G = OOO 
2VJeV (FL, + d,,2) 


If the viscous-friction term f,, is relatively small then the natural 
frequency and damping terms reduce to 


and 
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Discussion 


H. T. Marcy.* The author is to be complimented on this 
report of a very comprehensive series of tests. In particular, 
the completeness with which the functions of cascade elements 
have been separated is a noteworthy feat. There are, however, 
a few omissions of data and references which constitute the sub- 
ject of this discussion. ; 

In the description of the hydraulic amplifier it is not made 
clear what type of oil ports are in the sliding pilot-valve sleeve. 
From the appearance of the data, showing rapid phase shifts at 
very low frequencies, it would seem that the ports are circular 
holes. Such a circumstance results in a nonlinear functional 
relationship between port area and valve opening with less port 
area per unit valve travel for small openings than for large. It 
would also be interesting to know whether the author considered 
the use of dither as a*means of reducing pilot-valve coercion on 
solenoid and linkage. 

The author reports much better agreement between theoretical 
and measured transmission characteristics than other experi- 
menters.5»§ He has considered, however, only the natural fre- 
quency and neglected the damping. In the following table 
the writer has used the measured values of the natural frequency 
and degree of resonance given by the author and has computed 
the value of the leakage coefficient Z;, which would make a 
proper theoretical prediction of the damping ratio: 


Observed 
natural 
frequency, Observed Equivalent Calculated 
Loadinertia cycles per sec, resonant damping leakage coef.? 
in2-lb, J wn peak ratio Lt, cu in./sec/psi 
13.3 16.0 2.2 0.23 4.8 X 1074 
Tosti ae? te Zee 0.22 6.0 X 10-4 
« 4.9 26.0 Biel 0.16 5.6 X 10-¢ 
2¢ dm? 
a A Sa 
Lt ay. 


It is at once apparent that there is good consistency in the three 
leakage factors shown which ideally would be the same. Mr. 
Newton® previously has given a value of the total leakage of the 
pump and motor of this same model transmission as 0.44 & 1073. 
Thus by Equation [40] of the paper, the theoretical damping 
‘ratio is 92 per cent of the measured value for an inertia of 13.3 
in?-lb. It is 72.5 per cent and 78 per cent of the measured values 
for inertias of 7.9 and 4.9 in™-lb, respectively. 

The agreement between theory and measurement reported by 
the author is markedly better than that reported by other ob- 
servers,®§ although the tendency is the same, to predict too 
high natural frequencies and too low damping ratios. Mr. New- 
ton in particular reports an observed resonant frequency of 11 
eycles per sec as opposed to a 19 cycle per sec theoretical value 
for 6.4 in2-lb of inertia with the same type transmission as used 
by the present author. 

The observed differences between theory and practice are 
mutually incompatible with possible experimental errors in 
determining load inertia, oil compressibility, or leakage. Conse- 
quently the writer is of the opinion that there is something as yet 
unaccounted for in the theory. On the other hand, the existing 
theory does give very accurate results for a particular transmis- 
sion in indicating the change which should be expected when 
parameters such as load inertia are varied, thus reducing the 
number of experintents that must be made and preserving the 


4 Research Engineer, The M. W. Kelfoge Company, Special Proj- 
ects Department, New York, N. Y. 

5 Refer to author’s Bibliography (4) 

6 “Automatic Control Characteristics of a Hydraulic Transmis- 
sion,” by H. Steinhauer, Jr., and E. C. Payson, B.S. Thesis in E.E., 
Massachusetts Institute of Technology, Cambridge, Mass., 1943. 
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value of theory. Messrs. Steinhauer and Payson® have shown 
this for a radial-type unit manufactured by the Oilgear Company. 
They also observed the same amplitude attenuation at low fre- 
quencies with its corresponding greater than theoretical phase 
shift as appears in the data of the paper. From network theory, 
this could indicate some sort of a time lag not indicated by 
theory. 


G. C. Newrton.? This paper will be particularly useful to 
university teachers in the field of applied dynamics and auto- 
matic control. For those uninitiated in the art of frequency- 
response measurements for complex electromechanical systems, 
it is a source of information on techniques as well as an example 
of the detailed results of such measurements and their use. Suf- 
ficient information is provided so that extensive and practical 
home problems can be constructed from it. This is an acid test 
of the quality of a paper in the writer’s opinion. To be consid- 
ered “good,” a technical paper of this class should include suf- 
ficient quantititative ‘information to permit a reader to cross- 
check the author’s conclusions and to make calculations of his own 
using the data presented as a basis. This paper meets-this re- 
quirement to a greater degree than most. 

Even with this paper, however, there are a few points which 
may have been omitted in the interest of conciseness but which 
the writer would like the author to clarify in his closure. 


1 Dither. The writer finds no reference made to dither in the 
hydraulic amplifier. It is common practice to introduce a rela- 
tively high-frequency vibratory motion called dither, between 
the pilot valve and its sleeve in order to reduce the effects of valve 
overlap, valve friction, and transmission “‘softness” near neutral 
stroke. These effects generally show up as low-frequency os- 
cillation of output displacement when the power unit is incor- 
porated in a closed-loop system. In this particular apparatus, 
dither might be introduced at the fulcrum of the lever connect- 
ing the power piston and sleeve( see Fig. 16 of the paper). The 
writer asks the following specific questions: 

(a) Was dither used during the frequency-response tests? 
If so, what were the amplitude and frequency? 

(b) Is dither to be used in contemplated closed-loop applica- 
tions of the power unit? If so, what are the amplitude and 
frequency? 

(c) If no dither was used during the frequency-response tests, 
and if dither is to be used in closed-loop applications of the power 
unit, what is the justification for omitting dither in the fre- 
quency-response tests? In answering this, superposition argu- 
ments probably cannot be used because of the inherent non- 
linearities of the system. (Dither, in fact, is supposed to com- 
pensate partially for certain of these nonlinearities. ) 


2 Ausiliary Information Necessary for Proper Interpretation 
of Frequency-Response Data. In general, frequency-response 
data alone are insufficient to specify the behavior of a dynamical 
system. If the system were linear, it is true that the frequency- 
response data (presumably amplitude and phase versus fre- 
quency over a finite frequency interval) would characterize the 
system’s behavior completely. However, the systems we deal 
with in practice are never linear in the mathematical sense; 
they are, at best, only ‘approximately linear.”” The response of a 
nonlinear system to a sinusoidally varying excitation is not a 


‘ sinusoid and a frequency response generally cannot be readily 


defined. 

If the degree of nonlinearity over the range of variation (in 
frequency, amplitude, and bias) of the excitation variable is 
small, then the deviation of the response from a sinusoidal motion 
is generally small. Under these conditions a frequency re- 


7 Department of Electrical Engineering, Massachusetts Institute of 
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sponse can be defined by comparing the fundamental of the 
response and the excitation. A change in the range of variation 
of the excitation variable generally changes both the devia- 
tion of the response from a sinusoidal motion and the frequency 
response. However, the change in frequency response is usually 
more readily detected than the change in the deviation of the 
response from a sinusoidal motion. Furthermore, certain non- 
linearities are directly measurable by making a number of fre- 
quency-response measurements for different ranges of the excita- 
tion variable. 

Thus it is apparent that precautions must be exercised in 
making frequency-response tests on practical systems, particu- 
larly in the matter of the choice of ranges of excitation variation. 
If complete tests are not contemplated (and seldom can they be 
for economic reasons), then the engineer should choose ranges of 
variation of the excitation variable which correspond as closely 
as possible to the conditions expected in the situation for which 
the data are to be used. For example, if the data are to be 
used for studies of system stability to small disturbances, then 
the frequency-response runs should be made at as small amplitude 
as possible with static bias corresponding to the operating point 
for which stability is to be determined. (The limit on smallness 
is usually set by observation difficulties.) On the other hand, 
if the data are to be used for calculation of performance with 
large excitation, then correspondingly large amplitudes should be 
used. 

It should be recognized that the amplitude of the excitation 
variable should not necessarily be the one controlled during a 
frequency-response run. Rather, the amplitudes of variables 
associated with the most nonlinear elements should be controlled. 
In the power unit under discussion, the most nonlinear elements 
would seem to be the hydraulic amplifier and the transmission. 
The nonlinearity of the stroke control is most likely associated 
with some function of its output if pilot-valve overlap effects are 
negligible. (Such effects generaily must be negligible for the 
satisfactory closed-loop operation of a system incorporating this 
power unit.) The transmission nonlinearity is probably as- 
sociated with pressure and hence B-end acceleration, do, for 
the pure inertia loading of these tests. At low frequencies the 
B-end acceleration is directly related to the velocity of the stroke 
control output (X >): Therefore it would seem more appropriate 
to control the amplitude of B-end acceleration rather than the 
input voltage to the power amplifier; #;. By “control” the writer 
does not mean to make constant but to make conform to a pre- 
scribed function of such variables as are indicated by purposes of 
the tests. This amplitude-control function may or may not be a 
constant. 

To summarize, frequency-response data for practical systems 
(i.e., systems which exhibit nonlinearity) should be accompanied 
by auxiliary information including the following: 


(a) The purpose of the data in view of the nonlinearities 
present. 

(b) Statements of the controlled-amplitude variable, the 
amplitude-control function, and reasons for these selections. 

(c) Disclosures of actual amplitudes applying to each fre- 
quency-response run (or the equivalent) when not given else- 
where, e.g., these disclosures are necessary when amplitudes are 
ence alcdh in per unit scales. 

(d) Statements of the biases of all pertinent variables so that 
the operating point for which the data are supposed to apply is 
disclosed. 

(e) Estimates of precision or repeatability of data. 


This list does not include items such as equipment description, 
test method, and the like, which are normally presented with any 
test result. 
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The last item is included without prior discussion, on the basis 
that all scientific and engineering test results should include such 
information. In frequency-response tests, repeatability can be 
presented as a graph of phase and amplitude uncertainties versus 
frequency. Separate information for instrument and equipment 
uncertainties should be given if possible. Such estimates are 
recognized as being generally subject to large errors, but crude 
estimates are better than none. The experimentalist always 
interprets his data against a background of such estimates but 
often fails to convey them with his other results. ‘ 

Finally, estimates or data describing the nonlinearities of the 
equipment are highly desirable. These may be in the form of 
static curves such as torque-speed curves and the like. Such in- 
formation ‘is not essential to the characterization of a particular 
frequency response but is convenient to have if the frequency-re- 
sponse data are to be used for estimating performance at operat- 
ing points different from their own. 

The author has explicitly disclosed part of the auxiliary in- 
formation listed. In his paper he states, pertaining to the respec- 
tive items: 

(a) Nothing 

(b) That the input voltage #;, amplitude was held constant 
during runs and that the zero-frequency amplitudes of valve 
travel used were approximately 0.010, 0.015, 0.020 in. (see sec- 
tion ‘Amplitude of Stroke’). 

(c) Nothing. 

(d). That 1500 rpm output speed (wo) and zero-load torque 
biases were used. 

(e) Nothing. 


He probably discloses implicitly much additional auxiliary 
information through conventions used among people “skilled 
in the art’’ which assign exact meanings to omissions in explicit 
disclosures. But those not skilled in the art will appreciate any 
clarification he may care to make in his closure. 

To. show the need for clarification, suppose one tries to esti- 
mate, on the basis of the explicitly disslosad facts, the working 
range of transmission pressure difference (one of the linearity 
determining variables of the transmission) corresponding to the 
data of Fig. 11 of the paper. To do so, it is necessary to make 
assumptions regarding which zero-frequency stroke amplitude 
was used and what the zero-frequency B-end speed for full stroke 
is. Assuming 10 per cent stroke and 3600 rpm, the writer’s rough 
calculations indicate that pressure amplitudes vary from zero te 
roughly 1000 psi. The maximum rated pressure of the transmis- 
sion is probably in the vicinity of 1000 psi. The writer can only 
conclude that one of the nonlinear elements has probably been 
worked over a very large range indeed. 

Effect of Dynamic Variation in Replenishing Pressure. In the 
last paragraph of the section, “Evaluation of Results,” the author 
mentions a possibility of decreasing the effective time constant of 
the hydraulic amplifier by better regulation of the supply pres- 
sure. Such improvement would undoubtedly occur but the over- 
all performance of the stroke control probably would not change 
appreciably, in the writer’s opinion, because the device acts to a 
considerable degree as a force balance in which the solenoid force 
is balanced against the coercion force. The coercion force is 
closely related to the flow of oil through the valve and tends to 
increase with increasing flow, regardless of the actual magnitude 
of the supply pressure. Reduction of supply pressure tends 
merely to allow the valve ie have a wider opening for the same 
coercion force. 

In concluding, the writer again states that he believes the 
author has written an excellent paper and that the comments and 
queries contained herein are not to be construed as criticism in- 
tended to point out flaws but rather as providing opportunities 
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for the author to add to his paper through the medium of his 
closure. 


N. B. Nicuois* anp E. H. Woopuvut.? By employing exist- 
ing knowledge of linear servotheory, the performance and stabil- 
ity of the over-all servo can be calculated readily if the char- 
acteristics of each element in the servo are known accurately 
enough. Therefore if servos are to be designed by analytical 
methods, a fundamental knowledge of each element and _ its 
Reantcas is necessary before the designer can proceed to build a 
servo to fit a specific need. Also, improvements in servo design 
result either from the development of new elements or the re- 
arrangement of elements; in either case, a fairly detailed knowl- 
edge of the dynamic characteristics of each element is necessary. 

In his paper the author discusses experimental techniques for 
obtaining dynamic information about each element in a hy- 
draulic power unit and follows this with a method for obtaining 
an approximating analytical transfer function from the experi- 
mental data, namely, constant-coefficient differential equations 
of low order. It is felt that the paper is timely and an important 
contribution to the literature of automatic control. 

By using frequency-response methods, the author has done 
what appears to be a careful job of determining transfer func- 
tions experimentally. It is noted that he seeks to improve each 
element by examining the approximating analytical expression 
and then by recommending design changes which will increase 
the band pass of the element, that is, extend the cutoff. frequency 
to a higher value. It should be pointed out that for a given servo- 
application, it may be that, when a compensating or equalizing 
network is introduced in the servoloop to obtain a desired per- 
formance characteristic, its introduction will void any advantage 
of a higher cutoff frequency for the hydraulic amplifier. How- 
ever, it still seems desirable to make the hydraulic amplifier as 
fast as possible since it increases the flexibility of application and 
improves performance when the amplifier characteristic does be- 
come of importance. 

The method used to obtain approximating equations appears 
convenient if an accurate and easy method of measuring phase 
angie is available. For those cases where phase-angle measure- 
ment is more difficult than amplitude-ratio measurement, a 
plot of amplitude ratio in decibels versus the logarithm of the 
radian frequency permits an easy method of determining the 
same data. The phase angle need be checked only at a few 
points since asymptotic intersections on the decibel-log frequency 
plot afford a very simple method of calculating phase angle. 
In fact, the phase-angle measurement can be eliminated entirely 
if previous experience indicates that the element is aay linear 
and not of a nonminimum phase type. 


K. I. Posren.® It is indeed a pleasure for the designer of the 
transmission studied to have an opportunity to comment on the 
paper. At the outset it seems in order to state, not so much in 
defense as by way of explanation, that the unit was designed at a 
time when static performance and weight economy were the 
principal considerations, and serious attention was not given 
to its application as a servounit until more recently. 

The author states that the most promising approach to im- 
provement of the dynamic performance would be to decrease 
the piston area in the hydraulic amplifier. It is interesting that 
we had arrived at the same conclusion independently, and that 
comparative tests made with a piston of one half the area show 
some improvement. The amount of improvement, however, is 
moderate because the differential pressure available to force 
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the oil over the opening of the pilot valve is the difference be- 
tween the control-pressure source and the value required to move 
the piston against the work. The result is that the reduced vol- 
ume of oil to be ported has also less effective pressure to force it 


» across the orifice. 


The poor regulation of the control pressure under varying 
demand was a factor that had been overlooked by us, but one 
which offered a simple means of improvement. 

Experimental work had been under way for some time in an 
endeavor to increase the pulling effort of the solenoid, but new 
impetus was tendered the project when the amount that could 
be realized was made evident by the data shown graphically in 
the author’s Fig. 8. The higher stiffness-to-mass ratio for which 
results are shown in Fig. 8 was almost exactly 3 times that of the 
standard solenoid. An entirely different type of solenoid has 
been developed in which the maximum effective effort available 
for moving the pilot valve to signal position is more than double 
that of the solenoid used in the subject report, with approxi- 
mately the same power inpyt. Though we were not able to 
keep the mass of the armature down to the value which would 
also result in a stiffness-to-mass ratio double the former, we con- 
cur in the opinion of the author that an increase in stiffness is 
worth more than a decrease in mass because the stiffer system 
will be better able to overcome the hydraulic reaction of the 
pilot valve. 

In view of the number of times mention is made of the B-end 
operating under viscous friction, it might be of interest to con- 
sider the nature of the actual friction losses. An equation which 
closely approximates the experimental results is 


T, = T; + bP+ cN? 
where 
T, = total equivalent torque loss, lb-in. 
T; = torque required to idle unit at a low speed, lb-in. 
P = sum of pressures in both ports, psi 
N = speed of rotation, rpm 
b and ¢ are constants 


In this equation the term 7; covers the idling friction of bear- 
ings and rubbing surfaces, the term bP accounts for the increase 
in friction as pressure is applied, and the term cN? is an equivalent 
torque representing the pressure drop encountered within the 
motor as the speed is increased. For the B-end used in the 
transmission tested, the friction will be closely represented by 


= 0.8 + 0.002P + 0.00000023N? 


‘We regard the paper as comprehensive and competent. 


H. I. Tarprtey.!! The author has used several methods to 
advantage in his experimental analysis of the complete Vickers 
Model AA-16850 power unit, namely, electrical as well as optical 
methods. Too little has appeared in the literature upon the 
measuring techniques associated with the frequency-analysis 
method. More details would be of interest concerning the 
photocell pick-off and its associated amplifier for the measurement 
of very small pilot-valve displacements, since optical pick-offs 
add little coercion to small moving parts. 

The results on the hydraulic amplifier are very interesting 
in that this particular amplifier may be approximated by a single 
time-lag function, whereas frequently they may be approximated 
only as a quadratic function. Does this not mean that, in this 
particular amplifier, the second time constant is small compared to 
the first time constant? It would be of value to find this second 
time constant. It is interesting that Equation [11] of the 


11 Professor of Electrical Engineering, The Pennsylvania State 
College, State College, Pa. 
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paper for this amplifier is the equation of the ideal hydraulic 
amplifier. This may be shown in the following way: 
Ideally the valve flow equals the flow into the power cylinder, 
hence 
KXa = ASX, 


Xo = valve opening 
K = valve flow constant 
A = area of power piston 


d 
S = Fe 
X, = displacement of power piston 
Then 
A 
Xe K Six, 
Hence § 
s K/A 
EDT eh 


Therefore the power piston is an ideal integrator. 
The whole amplifier with its feedback sleeve linkage may be 
as represented in the block diagram, Fig. 18 of this discussion. 
In Fig. 18 


Xe 


Fie. 18 


R = sleeve lever multiplication ratio 
X, = displacement of pilot valve 

qo = displacement of sleeve. 
Se ol Nema N 


Hence 
Kine 
As (YX) =X, 
and " 
SIS eee ay Gee 
AS AS 
or 
2 x AS 
X,-= RX,+ X, e i 
Then 
- Se ff 
X, = X, (e S+ n) 
Derr Sehpeer Sat 1 
ees sad | 
c a iS ‘ee 
K cath ida ae 


This last equation is identical to the author’s Equation [11], 
except the area of the power piston appears as 2 A; the writer 
has defined the power-piston area as A. 

Equation [11] of the paper may be written 
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2G die il 
Xx, itp Al 
s+1 
K,R a1 
where 
K, = K/A = velocity constant of the amplifier, since the 


amplifier time delay = 1/(K,R), the problem is one of increasing 
the velocity constant to as large a value as possible in dealing 
with the ideal hydraulic amplifier. 

The writer believes it would be unwise to attempt a redesign 
of a hydraulic amplifier by considering only its largest time 
constant since such a procedure might lead to an increase in the 


second time constant and cause no over-all improvement in the 


amplifier itself. As wider frequency bands are considered, we 
should not ignore fluid leakage, fluid compressibility, and the 
interaction of system elements in order to oversimplify the prob- 
lem. In his conclusions the author outlines future studies 
which are aptly chosen, particularly the nature of the reaction of 
the A-end upon the yoke linkage as a function of the pressure and 
stroke of the A-end. 

Attention should be called to the fact that a solenoid linkage 
and pilot-valve assembly driving a hydraulic amplifier, which in 
turn strokes a hydraulic transmission, is inherently a cascade of 
interacting elements and may have to be so considered in order to 
avoid oversimplification. In analyzing a cascade of elements, 
it is permissible to derive the over-all system function by rou- 
tine multiplication of the element functions only for the case 
where there is no. coercion between the elements. There is 
serious doubt that this is ever approximated in a complete hy- 
draulic servosystem. Quantitative investigations for improve- 
ment of any element of a system may soon not ignore this fact 
even though nonlinear mathematics may be involved. 


AUTHOR’S CLOSURE 


Mr. Marcy is correct in his surmise that the amplifier valve- 
sleeve ports are circular holes. The inherent nonlinearity of 
circular ports helps to assure a stable (nonoscillatory) amplifier, 
although rectangular ports have been used with complete suc- 
cess. The matter of dither will be discussed later. Regarding 
the contention that the transmission response theory may be 
incomplete the author inclines to the view that the discrepancies 
between predicted and observed performance can be attributed 
largely to lack of constancy of the leakage coefficient L,. Even 
though efforts are made to maintain the sump oil at a constant 
temperature the work done on the oil during compression within 
the transmission varies with frequency and stroke amplitude. 
Thus the temperature, viscosity, and the leakage coefficient of 
the oil in the transmission will vary even during one test with 
supposedly constant parameters. 

In addition to the temperature variation, gradual wear or 
sudden scoring of mating surfaces will cause gradual or sudden 
changes in the leakage coefficient. Furthermore the continual 
shearing to which the oil is subjected results in a gradual breaking 
down of the molecular structure of some of the additives in the 
hydraulic fluid, thereby causing a gradual change in the viscosity 
and hence in the leakage coefficient (admittedly a second-order 
effect). Similarly the compressibility coefficient is a function 
of both the temperature and the pressure of the oil (and, in effect, 
of the expansion of the conduits), and therefore varies during any 
response measurements. These and other variables assumed in 
the theory to be constant lessen the likelihood of complete Sere 
ment between theory and experiment. 

Mr. Newton’s queries regarding the use of dither in the hy- 
draulic amplifier may be answered as follows: (a) no; (6) yes, 
approximately 0.005 in. amplitude and 70 cycles per sec in terms 
of sleeve motion; (c) dither is required in order to maintain the 
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linearity of the amplifier in responding to very small signals (i.e., 
to minimize the effects of coulomb friction and dead space). The 
minimum amplitude employed in the tests described in the paper 
was 10 per cent of maximum stroke and this value was still within 
the linear range of the system. Table I compares the over-all 
response of the power unit with and without dither as a function 
. of input amplitude (about the 50 per cent stroke bias) with a 
signal frequency of 10 cycles per second. Approximately similar 
agreement was obtained at 2 cycles per sec. Table 1 indicates 
the importance of dither for small input signals but suggests 
that for 10 per cent or larger signals the dither may be discarded 
without serious error. It was highly desirable to omit the dither 
in order that the various measured quantities might be free from 
dither noise which obscured the reading of phase and amplitude. 
The measurement of pilot valve motion was particularly difficult 
when dither was employed because of the transfer of dither 
motion from the sleeve to the pilot valve. 


TABLE 1 
——-Amplitude ratio—— Phase angle 
Per cent With Without Percent With Without Per cent 
stroke dither dither difference dither dither difference 
5 0.34 0.11 68 105 150 43 
10 0.31 0.30 3 _ 95 96 1 
20 0.35 0.34 3 Sour 87 5 
30 0.33 0.33 0 92 94 2 
40 0.25 0.23 8 110 114 4 


_ Mr. Newton’s second point is well made and the author agrees 
that his listed “auxiliary information” is highly desirable (where 
space permits). Elaborating upon his summary of the paper’s 
auxiliary information it may be said that: 

(a) The purpose of the data was to achieve the maximum cor- 
relation between the derived response equations and the meas- 
ured response. For this purpose it was, and is, felt that the use 
of 10 per cent stroke amplitude without dither yielded the most 
useful data. 

(b) It is true that variables other than the excitation variable 
must not be allowed to assume large nonlinearities if a correla- 
tion of observed response with calculated response is to be at- 
tempted. However, if one employs the smallest constant ex- 
citation amplitude consistent with reasonable freedom from the 
effects of coulomb friction, dead space, and noise, then it would 
appear that an element must be hopelessly nonlinear if such a 
procedure could not be expected to yield usable data. The mere 
fact that a transmission whose relief valves are set at 1250 psi is 
subjected to pressures in the neighborhood of 1000 psi does not 
seem reason enough to go to the trouble of determining for each 
signal frequency just what the input amplitude should be in order 
to keep the transmission pressure or other variable within some 
arbitrary limit. It is not apparent to the author that, the re- 
sponse data obtained with other than constant excitation ampli- 
tudes could be as readily transcribed into equation coefficients 
unless linear superposition is assumed. The linearity of both 
the stroke control and the transmission as demonstrated in Figs. 
12 and 13 certainly justifies the use of a small, constant, excita- 
tion amplitude. 

(c) Allof the plotted datawere obtained with 10 per centstrokes 
except those of Fig. 7 for which unity amplitude ratio corresponds 
to 15 per cent stroke. 

(d) No comment. 
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(e) It was stated in the text that the phase angle data were 
employed to evaluate the coefficients of the response equations 
and that the phase-angle readings could be repeated to within two 
per cent over the range of interest. The latter condition was 
intended to imply that this accuracy was not maintained at 
the upper end of the frequency spectrum where the output am- 
plitude in most instances would have fallen too low to permit 
precise phase-angle adjustments. 

Messrs. Nichols and Woodhull make the timely comment that 
efforts to increase the bandpass of an element in a servomechanism 
may be nullified by the use of certain desirable compensating 
networks. This of course is very true, and moreover it should 
be remembered that a servo can be made too fast in some instances 
where the input data contains noise of disturbing magnitude and 
frequency. Such a condition has been discussed by R. E. Graham 
in his paper ‘‘Linear Servo Theory” in the Bell System Technical 
Journal, October, 1946. However, the primary application of 
the power unit in question was that of driving an aircraft gun 
turret, the successful stabilization of which required that the 
power unit have a relatively high natural frequency, hence the 
interest in widening its band-pass characteristic. 

The db-log frequency techniques of response representation 
are unquestionably convenient for systems involving a cascade 
of simple time lags, Where coulomb friction, distributed and 
nonconstant parameters are encountered, the author would pre- 
fer to have a phase-angle plot before evaluating an approximating 
equation. The phase-angle measuring technique described in the 
paper requires more equipment than does the measurement of 
amplitude alone but once assembled it can be used with a wide 
variety of servosystems and it proved to be faster and more 
accurate than the corresponding amplitude measurements. 

Mr. Postel’s comments regarding the improvement in am- 
plifier response which he obtained by reducing the power piston 
area suggest that possibly he maintained the same control pres- 
sure with the reduced as with the original piston. It is the 
author’s view, however, that the amplifier time constant can be 
materially reduced if the control pressure is raised in the same 
ratio as the piston area is reduced so that the same energy is dis- 
sipated by a smaller volume of oil. 

Professor Tarpley’s comments regarding single-order versus 
quadratic approximations of hydraulic amplifier response suggest 
that one should make a distinction between low-pressure ampli- 
fiers, wherein the leakage and compressibility effects are small, 
and high-pressure amplifiers wherein these effects might be 
significant. To account for both leakage and compressibility a 
third-order response equation would be required. The author is 
completely in agreement with Professor Tarpley in his contention 
that one should not ignore the interaction of cascaded elements. 
This is particularly true in the case of the hydraulic reaction upon 
the pilot valve and control solenoid, which phenomenon assumes 
increasing importance as one attempts to decrease the amplifier 
time constant. d 

The author wishes to thank all those who have contributed to 
the discussion of this paper. Their constructive criticisms and 
additional information are indeed welcome. In particular the 
author would like to thank Dr. Walter T. White of the Sperry 
Gyroscope Co. for his valued assistance and encouragement in 
the preparation of this paper. 
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Power Turbines for Natural-Gas Expansion 


By STEPHEN BENCZE,! JEANNETTE, PA. 


Natural-gas expansion turbines are driven by gas in the 
same way that steam drives steam turbines. These gas- 
expansion turbines are supplied with energy in the form 
of heat energy in the gas, and they convert this into useful 
mechanical energy. Turbines of this type are not to be 
confused with the combustion type of gas turbine in which 
the fuel is burned and the resultant gases allowed to ex- 
pand, generating power, then exhausted and thrown 
“ away. Ina natural-gas turbine, the gas is allowed to ex- 

pand and is exhausted into subsequent processes and may 
be used for combustion or chemical reduction. The gas 
undergoes only a change in pressure and temperature and 
_ undergoes no chemical change in passing through the tur- 
bine. Thus the conversion of power can be considered a 
“by-product” to the normal uses of the gas. 


APPLICATIONS 


h | ATURAL-gas expansion turbines have become an ex- 
ceedingly important source of power in our gas and oil 
fields. These units are driving generators, pumps, fans, 

blowers, and other equipment. They are rapidly replacing re- 
ciprocating gas engines, mainly because of the relative low initial 
cost and maintenance, as well as the improved over-all efficiency 
and physical size. It should also be noted that in an engine the 
gas used is burned, while in a turbine the gas is only expanded 
and can be further used. Thus in a turbine, the generated power 
is obtained at no expense for gas.° Many installations have also 
been made for dual operation, on either steam or gas, so that if 
gas supply is not available or is interrupted, the turbine can be 
operated on steam. Units may also be geared for low-speed 
applications to allow for turbine operation at higher speeds, which 
results in better energy conversion, and also for physical size 
reduction of the turbine. 

Turbines of this type will operate on any type of gas (natural, 
producer, casing head, etc.) or hot air, provided sufficient energy 
is available in the gas to warrant expansion. Thus design limi- 
tations of the turbines are governed by the gas used as well as 
the driven equipment. Many of the gases used contain hydrogen 
sulphide, mercaptans, sulphur compounds, and other acid-form- 
ing constituents which present many problems in design and 
operation and which have been overcome satisfactorily. -Because 
gases available are generally at a relatively low pressure and tem- 
perature, gas-expansion turbines are generally of the single-stage 
type or are limited to few stages. 


GENERAL DESIGN 


The general design of gas-expansion turbines does not differ 
materially from the conventional steam turbine. Standard 
single-stage steam turbines are generally used for these “gas” 
applications. Design and operating problems because of high 
pressures and temperatures do not generally exist, except in 

.applications where the gas is preheated to a considerable degree 


1 Assistant Division Engineer, Turbine Division, Elliott Com- 
pany. - Jun. ASME. 

“Contributed by the Oil and Gas Power Division and presented at 
the Spring Meeting, Tulsa, Okla., March 2-5, 1947, of Tue AMERICAN 
Socrery or MecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society.’ 


before passing through the turbine. Here the use of high- 
temperature materials is limited. Design of casings, vatves, bear- 
ings, and other basic components is‘the same as for steam units. 
Fig. 1 shows the cross section of a typical single-impulse-stage 
velocity-compounded mechanical-drive-type turbine, operated 
on natural gas. 

The material problem for certain applications is of major im- 
portance, particularly where operating with ‘‘sour gases” con- 
taining hydrogen sulphide or other acid-forming constituents. 
Sour gas is especially corrosive in the presence of moisture, 
hence operation with these gases without first preheating or 
expanding to the dew point of the gas may become quite serious. 
Ordinary run of sour gases contains approximately 75 units 
of hydrogen sulphide. This is typical of the West Texas and 
New Mexico fields. Experience has shown that under favorable 
operating conditions and using sour gas, standard turbine ma- 
terials as used for standard steam turbines, i.e., stainless or monel 
governor valves, stainless buckets, carbon-steel wheels and 
shafts, have held up satisfactorily. 

One of the major problems which must be considered in de- 
signing and building a gas turbine is that of leakage. Gas 
leaks not only may be obnoxious, but may actually endanger 
life and property. All casing joints must be carefully made and 
tested at pressures well above the operating pressure of the unit. 
Special attention must also be paid to leakage past the rotating 
turbine shaft. There are many types of gas seals available for this 
application which would give entirely satisfactory results. As a 
general rule, carbon-type packing rings are used for sealing the 
turbine casing around the rotating shaft. Closer carbon-ring 
clearances are used on gas turbines than are used on steam tur- 
bines because of the lower temperature of the gas and also be- 
cause of the low shaft temperatures which are present when the 
unit is running and the shaft shrinks away from the rings. 

An effective seal arrangement is shown in Fig. 2. Here an 
ejector, with necessary valves and piping, is used to create a 
slight vacuum between the inner and outer carbon rings. By 
creating this vacuum, a slight amount of air is drawn in past the 
shaft under the outer ring. In effect, an air wall is set up be- 
tween the two outer rings, preventing leakage. The ejector 
discharge is generally piped into the turbine exhaust if the inlet 
pressure is sufficiently high to allow the ejector to discharge 
against the exhaust pressure. If the exhaust pressure is too high, 
the ejector is piped to a low-pressure ga$ line. “ 

Fig. 3 shows a simple way of sealing the shaft for relatively 
low gas pressures in the turbine casing. The inner seal rings are 
of the segmental carbon type with segments retained by a garter 
spring. The two outer rings are split micarta rings. Grease is 
packed between these two micarta rings, forming a grease seal. 
The leak-off from the inner rings is carried off to a suitable low- 
pressure line or to the outside atmosphere. 

The problem of speed control and regulation of gas-expansion 
turbines does not differ from that encountered in steam-turbine 
units. Conventional governor devices of the centrifugal and 
hydraulic types have operated over long periods of time with 
assured accuracy and reliability. 


TypicaAL PERFORMANCE 


The mechanical performance, from the standpoint of safety and 
reliability is well proved by the hundreds of units which have been 
in continuous operation for many years. There is no reason why 
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a gas-expansion turbine will not be the same dependable source OR LOW PRESSURE 


of power as a steam turbine. Thermodynamic efficiencies com- LINE 
parable to those attained with steam turbines can readily be 
realized. Just as in the case of steam turbines, the thermody- 
namic performance of gas-expansion turbines is dependent upon (Se cLastereiay 
the available energy in the gas for expansion, the speed and size i 1 Caapeoe = 
of the unit, the design of the nozzles and buckets, as well as the 2750-A+- 
inlet and exhaust flow passages. The available energy in the 
gas is dependent upon the turbine-inlet pressure and temperature 
and the exhaust pressure, as well as upon the chemical composi- 
tion of the gas. 

Fig. 4 shows the performance of a typical single-impulse-stage 
type of turbine driving a pump. The turbine is operated on 100 
psig inlet pressure, 100 F inlet temperature, and 30 psig exhaust 
pressure with gas having a specific gravity of 0.650. Pump and 
turbine speed at rated horsepower is 2750 rpm. 

Fig. 5 shows an interesting comparison of performance of single- 
impulse-stage-type turbines. operated on natural gas and on 
steam, at the same inlet pressures and temperatures, speeds, and Fie.4 Sinare-Sracu-TURBINE Pump-Drive PerrorMance 100 Hp 
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dimensions, nozzle and bucket efficiencies, as well as over-all 
mechanical efficiencies are assumed to be the same for gas and 
for steam. It is seen that gas rates for comparable conditions 
are higher than steam rates, and this is due mainly to the differ- 
ence in available energy in the gas and steam. Another factor 
contributing to the difference in rates for gas and steam operation 
is the difference in windage created by the turbine disks and buck- 
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ets because of the difference in gas and steam densities and vis- 
cosities. 


CALCULATION OF THERMODYNAMIC PERFORMANCE 


Calculating the gas consumption and changes in conditions 
of the gas in a turbine is somewhat more complicated than calci- 
lating the steam consumption and steam conditions in a turbine, 
as the equivalent of a Mollier diagram for the many compositions 
of gas is not available. Table 1 gives physical constants of 
various constituents making up the gases usually encountered in 
the operation of gas-expansion turbines. These physical con- 
stants apply with good accuracy in the low-temperature range 
encountered in these units, and are useful in calculating thermo- 
dynamic properties and changes in various gas mixtures. 

Since the usual “natural gases” are mixtures of so-called perma- 
nent gases and behave according to Dalton’s law, the gas mixture 
may be treated as a single gas with the appropriate physical 
constants. This concept simplifies calculations and applies ac- 

~ eurately to all permanent gases and to all but the heaviest vapors. 
The necessary values for these physical constants may be found 
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from the general gas equation 


where V denotes the total mixture volume; wi, w», wa, etc., the 
weights of the gas constituents; R,, Ro, R3, etc., corresponding 
gas constants and R#,, the equivalent gas constant for the mix- 
ture, and 7’ the absolute temperature deg F of the mixture. The 
partial pressures of the constituents of the gas when occupying the 
total volume V at a temperature 7’ are expressed as 


wRiT 
V , 


wks us 
V 


pa = Pp = eLGs 


The total pressure p of the gas mixture is the sum of the partial 
pressures or 

Di =D Doe Data weve se 
The total weight of the mixture is 

w= w, + Ww. + Us + 


From Equation [1] 


pV = wh,,T 
or 
. a\' afte 
Ree ee, ae ee [2] 
Ww 


where subscript 7 denotes an individual constituent of the gas 
mixture. 

In a similar manner, the equivalent specific heats (c, and c,) 
of the gas mixture can be determined 


Cy = Z(w; Cpi)/W a basse alate ete ® fe lonehe 
CQ = =(w; Cyi)/w 


Then denoting the volumes that would be occupied by the con- 


stituents of the mixture at pressure p and temperature T by Vi, 


V2, Vs, etc. (these are given by the volume composition of the 
gas) 
V=3V,+%02+V3 +... 


and the equivalent molecular weight m,, of the mixture is 


Ue =) 


The foregoing equivalent constants for a mixture of gases are 


TABLE 1 PHYSICAL CONSTANTS OF COMMON GASES 
Specific Gas 
Atomic Molecular gravity” Specific heat of vapor? constant 
Name formula weight (Air = 1.00) Cp Cy cp/cv R 
Methane)... .20. 526100 CHs 16.042 0.554 0.530 0.405 1.309 96.31 
thane acres en 2 CoHe 30.068 1.038 0.415 0.346 1.198 51.39 
IPFODANE. waa ones 3Hs 44.094 1.522 0.376 0.324 1.161 35.03 
Iso-butane.......... Caio 58.120 2.006 OnshieeOrol2 e144 26.59 
INS DUGANE s eioveusie ays ees C4Hio 58.120 2.006 Of857- O73812 1,144 26.59 
Iso-pentane......... Cs Hie 72.146 2.491 may 0.309 1.121 21.40 
e N-pentane .......... CsHie 72.146 2.491 OS 47 08809) ele 1 21.40 
N-hexane........... CeHia 86.172 2.975 OF339__-0%305 1 ts 17.92 
N-heptane.......... C7 His 100.198 3.459 07335" "023024; 109 15.41 
N-octanhe lost. 0. ome CsHis 114.220 3.944 0.330 0.311 1 060 13.51 
N-nonane........... Co He0 128.250 4.428 ORs2559 Oro1Omen 1-050 12.04 
N-decane........... “Cio Hee 142.276 4.912 0.321 0.309 1.040 10.85 
Ethylene... C24 2 28.052 0.985 0.363 0.292 1.240 55.08 
Meetylene; 20. .0060 6 C2H2 26 .036 0.899 043505. 0,270" 1280 59.34 
Carbon monoxide.... CO 28.010 0.967 0.248 0.177 1.402 55.14 
Carbon dioxide...... COz 44.010 1.519 0.197 0.151 1.305 35.09 
Hydrogen sulphide... H2S 34.076 1.176 0.253 0.192 1.320 45.30 
Sulphur dioxide...... SO» 64.064 2.264 ONU54 Or 123 ie 250 24.10 
AGAIN O DIA aera ats NHs 17.032 0.597 0.523 0.399 1.310 90.50 
PNT ake ee ao Aaah Ce 28.966 1.000 0.241 0.171 1.400 53.34 
Hydrogen? \..226/jacieas He 2.016 0.069 3.389 2.403 1.409 765.86 
Oxy SON eos sre ners Oz 32.000 1.105 0.217-—0.155 «1.401 48.25 ° 
Nitrogen. .f4t41 24) Ne ® 28.016 0.967 0.248 OCT 1.404 54.99 


2 760 mm 60 deg F. 
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in effect but weighted averages of the constants of the constituent 
gases. 

Generally, gas mixtures are analyzed on a volumetric basis 
(composition by volume) instead of the weight basis (composi- 
tion by weight). Weight composition can be very readily calcu- 
lated from the volume composition by using the ‘‘mol” concept. 
(A mol is a volume measure and is equal to a quantity of gas 
having a weight equal to the molecular weight of the gas. ) 


COL Ss = es Posie opel ect lerer inoue cacesanl statis 
This relationship will give the weight composition of a mixture in 
terms of the volume composition. 

The equivalent ratio of specific heats of the gas mixture can 
be determined from Equations [3] and [4] as 


n = C,/Cy 


Once the equivalent physical constants and polytropic exponent 
of the gas mixture is determined, calculations are simply made by 
the usual gas equations. 

As the gas is expanded in the turbine, low temperature may 
be encountered in the exhaust due to the expansion and, when 
there are vapors in the gas mixture, as is usually the case, ex- 
pansion may result in vapor condensation and also possible 
freezing. The theoretical temperature resulting from expansion 
may be determined from 


T,; = absolute temperature at start of expansion, deg F 
T. = absolute temperature at end of expansion, deg F 
pi = absolute pressure at start of expansion 

p2 = absolute pressure at end of expansion 

n = equivalent ratio of specific heats 


Fig. 6 gives a convenient curve for determining the theoreti- 
cal temperature at the end of expansion. 

It should be noted that a temperature, very close to the cal- 
culated theoretical temperature at the end of the expansion, may 
exist at the exit of the nozzles of the turbine. However, as the 
gas expands in the turbine and passes through the rotating 
and stationary buckets and finally through the exhaust outlet 
of the turbine, the heat equivalent of the losses in the turbine 
raises the temperature of the gas to a value well above the cal- 
culated theoretical temperature. The problem of low turbine- 
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exhaust temperatures becomes serious only with units of high- 
pressure-ratio design or low initial temperatures, or a combination 
of both. ; 

When gas pressures and temperatures at the turbine inlet are 
such that the exhaust temperature drops below 40 F, it is advisa- 
ble to preheat or raise the temperature of the gas at the turbine 
inlet. This preheating has been accomplished in many ways. 
A simple steam jacket around the gas-inlet main has been used 
in cases where the required degree of preheat is small. In other 
cases, heat exchangers or natural-gas-fired superheaters have been 
used. 

When water vapor is present in the gas mixture, as the gas is 


expanded in the turbine, the temperature at the end of the ex-. 


pansion may reach or go below the dew-point temperature. The 
temperature at which condensation of the vapor content of the gas 
mixture starts is known as the dew-point temperature, and the 
gas mixture in that condition is said to be saturated with vapor. 
The partial pressure exerted by the vapor present in the gas 
mixture may be calculated readily using Dalton’s law of partial 
pressures. The dew point then is the saturation temperature 
corresponding to this partial pressure of the vapor. Thus if the 
expansion of the gas is carried to this dew point or below it, the 
vapor in the gas will condense out. 

The following simple calculation illustrates the method of com- 
puting the dew point of.a gas mixture. Consider a gas mixture 
with the following weight composition to be expanded from 30 
psig and 100 F to atmospheric pressure: 


Molecular 
Weight composition weight Mol 
CH, = 0.7113 divide by 16.042 = 0.044385 
: CzHe = 0.0649 30.068 = 0.00147 
" C3sHs = 0.0384 44.094 = 0.00087 
Nz = 0.1753 28.016 = 0.00491 
H.20 = 0.0101 18.016 = 0.00056 
1.0000 0.05216 
0.00056 


Then there is = 0.0107 mol of water vapor per mol of 


0.05216 
gas mixture. The partial pressure exerted by the water vapor 
is 0.0107 (14.696) = 0.157 psia. 
sure of 0.157 corresponds to a saturation temperature or dew point 
of 47 F, which is the lowest temperature to which the moist gas 
mixture can be expanded and cooled without condensation. 


From the phenomena of supersaturation, it is known that when — 


the gas mixture containing water vapor is expanded and the ex- 


From “Steam Tables,” a pres- — 


pansion crosses the saturation limit, condensation does not occur — 
immediately but an undercooling or supersaturation up to a cer- — 


tain limit takes place. 
temperature corresponding to the saturation pressure before 
condensation actually occurs. 
is realized, the expansion can be carried somewhat below the 
dew point. 

The available energy for power conversion in the turbine, re- 
sulting from the expansion of the gas, is determined from the 
Saint Venant relation as 


. n—1 
kee Tepes n es Pe ae [8] 
ee a ae Re cea: 


= available energy, Btu per lb 
R,, = equivalent gas constant for gas mixture 


n = equivalent ratio of specific heats for gas mixture 
T, = absolute temperature at start of expansion, deg F ; 
P, = pressure at start of expansion, psia 
P. = pressure at end of expansion, psia 


The vapor is cooler than the saturation | 


Thus before actual condensation | 


BENCZE—POWER TURBINES FOR NATURAL-GAS EXPANSION 


Fig. 6 can be used to simplify calculation of this equation, 
recognizing that the 


n—-1 n-1 


Reciprocal of (pi/p2) " = (p./m) ™ 


The energy available for conversion in the turbine is that 
released during expansion from the ring pressure (pressure just 
before the nozzles) to the exhaust pressure and not from the 
throttle or inlet pressure to the exhaust pressure. Thus the 
available energy, as given by Equation [8], should be calculated 
accordingly. To arrive at the nozzle-ring pressure from the 
throttle or inlet pressure, the throttling effect through the inlet 
chest, governor valves, ete., ahead of the turbine-nozzle ring 
must be considered. The pressure drop from the throttle or inlet 
to the nozzle ring is fixed by the design and is known. From this 
pressure drop and the inlet pressure and temperature of the gas, 
the pressure and temperature of the gas at the nozzle ring can be 
determined from the Joule-Thomson principle of throttling effect. 
The efficiency of conversion in the turbine of the available 
energy is a function of the nozzle and bucket design, that is, the 
design of the flow passages. This efficiency can be determined 
readily by tests. Letting 7 = efficiency of conversion, then 
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Theoretical gas rate (Ib per hp-hr) = TGR = ae 
7 


=|) 


The theoretical gas rate gives the necessary weight of gas flow 
through the turbine to realize 1 hp of converted available energy. 
It should be realized that the full converted power in the tur- 
bine cannot be realized at the turbine shaft because of mechanical 
losses, such as bearings, and also because of windage and fric- 
tion losses of the turbine disks, buckets, and shrouds. The 
actual weight of gas flow W, to the turbine, to produce a fixed 
power (hp), can be determined from 


1 
(18h (eens) hipaa [10] 
hp 


W = lb per hr = 
The cubic-foot gas consumption of the turbine is readily deter- 
mined from this weight flow. 

The relationships given by Equations [9] and [10] can also be 
used to determine the approximate horsepower which can be de- 
rived from the expansion of a quantity of gas of known chemical 
composition, and known pressure and temperature. 

The nozzle proportions for a single-stage expansion turbine 
can also be determined readily. From Saint Venant’s equation, 
the velocity in feet per second that is realized from an expansion, 
can be expressed as 


n 
1 qs 


where g = acceleration due to gravity (= 32.16 ft per sec’), 
substituting Equation [8], this may be written as 


IN TN ee 


If Ah is taken from nozzle-ring pressure to exhaust pressure, then 
c is equal to the gas velocity at the nozzle-tip cross section, as- 
suming no loss during expansion in the nozzle. The flow through 
the nozzle cannot be considered without losses, thus the actual 
velocity at the nozzle-tip cross section will be less than that cal- 
culated by Equation [12] and can be expressed as 


where K = nozzle velocity coefficient which is determined by 
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test. From the work of Zeuner (1),? the pressure at the minimum 
cross section of the nozzle (throat) can be expressed in terms of 
the nozzle-ring pressure as 


n 
| 2 n—1 
Pm = Pi ae tte cee 


and the velocity at the minimum cross section can be expressed as 


n 
Cn = \ TOT RRS aoe ne Sex ee 
Tal 


Since the flow past the minimum and tip cross sections of the 
nozzle is constant, then 


tera [LA 


Aneec V2 
—— a ee ee see es AG 
A BS ihe 
where 
_ As = nozzle cross-section area at tip 
A,, = nozzle cross-section area at throat 


specific volume of gas mixture at nozzle tip 
i, specific volume of gas mixture at nozzle throat 
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From the basic gas-expansion relation 
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we get 
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Substituting in Equation [16], we get an expression for the ratio 
of nozzle cross-section areas at the throat and tip as 


1/n 
A, Cm [ Pm 
Sa al Well J MOAR ae ak ais 18 
ali anc? (*) At 


This area ratio is known as the nozzle-expansion ratio and gives 
the nozzle proportions that are required to handle the gas ex- 
pansion from the nozzle-ring pressure to the exhaust pressure. 
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Discussion 


G! F. Gayrer.* The author covered the subject thoroughly, 
both in its thermodynamic and practical aspects. No occasion 
for criticism could be found. However, some interest may at- 
tach to the following description of gas leakage disposing ap-’ 
paratus which differs from the ones described by the author. 

On our single-valve mechanical-drive turbines, where the leak- 


2 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

3 Chief Engineer, Westinghouse Electric Corporation, Sunnyvale, 
Calif. Mem. ASME. 
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Fie. 7 CENTRIFUGE IMPELLER 


age along the shaft is the principal one with which we have to 
contend, our practice is to use centfifugal impellers of the type 
shown in Fig. 7 of this discussion. These impellers installed on 
the outer end of the carbon glands create vacuum at their suction, 
which causes air to enter the outer end of the gland case and pre- 
vents gas from leaving it, both air and leaking gas being piped to 
the atmosphere outside the building. The slight gas leakage 
‘from two valve stems is also discharged through this sys- 
tem. 

On multistage generator-drive turbines, where leakages along 
the governor-valve stem, throttle-valve stem, auxiliary oil-pump 
drive-turbine shaft, pressure-regulator stem have to be disposed 
of in addition to the leakage along the main turbine shaft, ejec- 
tors were used in a way described by the author, except that two 
ejectors were installed, one being used, with the other serving as 
a stand-by. Hither ejector can be isolated from the system by 
closing proper valves. A vacuum of 5 in. of mercury was ob- 
tained with one ejector in the leak-off line. In case the vacuum 
fell to about 2 in. of mercury, a specially provided vacuum switch 
would operate an alarm bell, giving the operators an opportunity 
to switch to the other of the two ejectors and make necessary re- 
pairs of the first one. If in spite of this the vacuum drops to 1 
in. of mercury, a hydraulic low-vacuum trip will trip the main 
throttle valve, thus shutting down the unit. The system is ar- 
ranged so that the normal vacuum must be established before 
the throttle valve can be opened. Thus the operating personnel 


is protected from gas leakage resulting either from mishap to the 
gas-disposal apparatus or from improper operating procedure. 


AuTHOR’s CLOSURE 


The sealing arrangement described by Mr. Gayer is note- 
worthy and apparently has been used quite extensively by his 
company. This is another method of sealing that has been used 
for gas-expansion turbines and that has proved a very satis- 
factory arrangement. The sealing arrangements described in 
this paper are by no means the only satisfactory methods that 
have been used. Many other arrangements have been tried and 
have proved quite satisfactory. / 

It should be noted, however, that in Mr. Gayer’s arrangement, 
the gas leakage is mixed with air and discharged and lost to the 
atmosphere. In the seal arrangement described in the paper and 
shown in Fig. 2, the gas leakage is piped into the turbine ex- 
haust or into a low-pressure gas line. Thus there is a minimum 
gas loss in the system. 

The leakage arrangement for multistage generator-drive tur- 
bines described by Mr. Gayer illustrates a system designed for 
maximum reliability and maximum protection. Such an arrange- 
ment has been used with great success in specific installations 
where the utmost of protection is necessary. The dual ejector 
system, the low-vacuum trip control of the main throttle valve 
and the low-vacuum-throttle interlock are protective arrange- 
ments accepted as quite standard for gas-expansion applications. 
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Performance Characteristics of Tight 


| White-Oak Laminated-Stave 
and Solid-Stave Barrels 


By R. S. KURTENACKER! anp D. L. PATRICK? 


The glued laminated wooden arch, which in the last 


‘10 years has found popular acceptance in the building 


industry, has recently found application in the construc- 
tion of barrels. This is, perhaps, one of the most drastic 
changes made in barrel design in many decades. Although 
great progress has been made in developing and improving 
mechanical devices for fabricating barrels, the general 
features of construction have remained unchanged. The 
use of laminated staves, together with plywood heads, 
results in an entirely new style of construction for which 
certain advantages are claimed. Such barrels, as well as 
barrels made of solid-wood staves and heads, were the 
subject of a study at the Forest Products Laboratory. 
The investigation was made in co-operation with the 
General Plywood Corporation. The ‘purpose of the in- 
vestigation was to study the performance characteristics 
of tight barrels of two constructions. One consisted of 
laminated staves and plywood heads, while the other 
was of solid staves and multiple-piece heads. All the 
barrels used in this study were supplied by the co-operator. 


FABRICATION OF LAMINATED-STAVE BARRELS 


N conventional cooperage a period of about 6 months elapses 

] between the cutting of the tree and the completion of the bar- 

rel. This time is reduced considerably in the laminated proc- 

ess because of the short time needed for drying the veneer. The 

manufacture of this patented laminated barrel may be separated 
into five steps as follows: 


1 Manufacture of the veneer. 
Fabrication of head and staves. 
Fabrication of hoops. 

Final machining of head and staves. 
Assembly of the barrel. 


Manufacture of Veneer. The manufacture of the veneer from 
which the heads and staves are made follows closely the standard 
practice of rotary-cut veneer manufacture. From the lathe, the ve- 
neer goes to the clipper, where the defects are cut out and the 
veneer is cut to the required width. After it is clipped, the veneer 
is kiln-dried to a moisture content between 8 and 11 per cent. 

Fabrication of Heads and Staves. Fabrication of the heads and 
staves is begun by the application of resin adhesive through the 
use of a glue spreader. The glue is then dried until it loses its 
tackiness. The veneers are graded so that the best material may 
be put on the inside of the barrel. The stave material is then 
made up into books, consisting of four layers of veneer, and 


oF Wh 


1 Engineer, Forest Products Laboratory, Madison, Wis. 

2 Chemical Engineer, General Plywood Corporation, Louisville, 
Ky. 
Contributed by the Wood Industries Division and presented at the 


~ Annual Meeting, Atlantic City, N. J., December 1—5, 1947, of Tux 


AMERICAN Socipty oF MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-127. 


pressed under a pressure of 200 psi. Application of proper heat 
causes polymerization of the resin bonding agent and the staves 
are ready for final machining. 

In making the heads, polymerization of the bonding agent is 
accomplished by the use of a steam-heated hydraulic press oper- 
ating at a temperature of 300 F and a pressure of 250 psi. 

Fabrication of Hoops. The steel hoops, which are received cut 
to length, are punched to receive the rivets, rolled into a circular 
shape, riveted, and flared to the proper shape. 

Final Machining of Staves and Heads. The final machining of 
the staves and heads is accomplished by mass-production meth- 
ods. This is possible because of uniform-size staves, which are 
held in the shape they will have in the barrel when they are 
jointed. The heads are cut into circular shape and are beveled 
property in a machine called a head rounder. 

Assembly of Barrel. The assembly of the laminated-stave bar- 
rel is similar to standard cooperage with one important exception. 
These barrels use molded laminated staves and are assembled dry 
without steaming. Since no moisture has been added at this 
point, none must be removed later as is necessary in the usual 
manufacture of barrels. This tends to eliminate loosening of the 
hoops, which sometimes results from later shrinkage of the staves., _ 


GENERAL DESCRIPTION OF BARRELS TESTED 


All barrels used in this study were white oak unlined and un- 
charred and had a rated capacity of 50 gal. The barrels were as- 
sembled with six steel hoops, each of which was assembled with 
two rivets. All bungholes were approximately 2 in. diam and were 
tapered with the small diameter on the inside of the barrel. All 
bungs were manufactured of yellow poplar. 

Solid-Stave Barrels. The solid-stave barrels, which were ob- 
tained by the co-operator through purchase on the open market, 
were made of white oak. The staves varied in number from 30 to 
36 per barrel and averaged 343/;,in. in length. The thickness of 
the staves was 3/, to 25/s. in., while the width of the staves meas- 
ured at the bilge varied between a minimum of 15/;,in. and a maxi- 
mum of 53/,,in. The bilge circumference was approximately 79 
in. All bung staves (the stave containing the bunghole) were 
more than 31/, in. wide. 

The heads, which were of multiple-piece solid white-oak con- 
struction, were so located in the croze that the chime extended 
approximately !/15 to !3/,5 in. beyond the outside head surface. 
All solid-stave barrels had heads that were !3/;, in. thick and were 
fabricated of at least six pieces but not more than eight pieces. 
The headpieces were assembled with two hickory dowels, 5/15 in, 
diam, to each head joint and located at about one third of the 
length of the joint from its ends. 

Laminated-Stave Barrels. The laminated-stave barrels, which 
were fabricated at the Container Division of General Plywood 
Corporation, New Albany, Ind., were made of white-oak veneer. 
The laminated staves were made of four layers of %/:.-in-thick 


3 For more complete details of the production procedure, see ‘‘Roll 
Out the Barrels,’’ by C. W. Hill, Cosgroves Magazine, July, 1947. 
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Fig. 1 Lamrnatrep-Strave Prywoop-Heap Barret at RigHr anpD 
Souip-Stave, Muutieite-Piece, Soutip-Woop-Herap Barre, LEFT, 
SHowinG WIDE VARIATION OF STAVE WIDTHS IN Souip-STAVE Bar- 
REL AND UNIFORM WIDTH OF STAVES IN LAMINATED-STAVE BARREL 


(The chime designs in the,two barrels which are apparent here are also 
shown in cross section in Fig. 2.) 


rotary-cut white-oak veneer laminated together with a phenol- 
resin glue. .The finished staves were approximately */, in, thick. 
The length of the staves averaged 347/; in. All except six of the 
laminated-stave barrels had 14 staves of identical size. These six 
barrels had 12 “full-size staves’? and three “two-thirds-size 
staves.” All full-size laminated staves were approximately 5 °/1¢ 
in. wide at the bilge, while the two-thirds-size laminated staves 
were approximately 33/, in. wide at the bilge. The bilge circum- 
ference was approximately 78 in. , 

The heads of these barrels were plywood construction fabri- 
cated of five plies of 3/,.in-thick rotary-cut white-oak veneer 
-bonded together with a phenol-resin glue. These heads were 15/;6 
in. thick and were so located in the croze that the chime extended 
approximately 11/,5 in. beyond the outside surface of the barrel. 
Some of the construction details of the two kinds of barrels are 
pictured in Figs. 1 and 2. 


Mernop or TESTING 


All tests in this study were conducted with the barrels filled 
with water. A separate group of five barrels with laminated 
staves and five barrels of solid staves was subjected to each of the 
following five tests: 


(a) Compression test on bilge. 

(b) Compression test on edge. 

(c) Internal hydrostatic-pressure test. 
(d) Drop test on bilge. 

(e) Diagonal drop test on chime. 


Compression Test on Bilge. For the compression test on bilge a 
25,000-lb-capacity universal testing machine was used. The bar- 
rels were placed between the upper and lower machine platens so 
that the vertical axis of the barrel (head to head) was parallel to 
the testing-machine platens. The barrel was then filled with 
water and bunged. In order to apply a concentrated load at the 
bilge, steel blocks (15 in. long X 7 in. wide X 45/, in. thick) were 
placed between the top and bottom machine platens.and the bar- 
rel. These were placed with the length of the block crosswise of 
the barrel, and the point of initial contact centered on the blocks, 
Fig. 3. By the use of metal drainage pans and a platform scale, 
the amount of water which leaked from the barrel under test 
could be recorded. The compression load was applied by the top 
platen moving downward at a constant rate of speed of 0.2 ipm. 
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Compression T'est on Edge. For the compression test on edge, 
the same testing machine and arrangement of equipment, except 
for the load-concentration blocks which were omitted, were em- — 
ployed as in the compression test on the bilge. The sequence of 
operations differed in that the barrels were loaded and bunged be- 
fore placing them in the testing machine. The barrels were sup- 
ported upon one contact point of the bottom chime and the load 
was applied by the top machine platen moving downward on the 
top chime at a contact point. A diagonal line through the barrel 
from contact point to contact point was perpendicular to the 
machine platens. 

Internal Hydrostatic-Pressure Test. Each barrel was supported 
in a horizontal position for the internal hydrostatic-pressure test- 
Again the platform scale and drainage pans were used to record’ 
water leakage. The barrel to be tested was fitted with a threaded 
metal bung plug securely screwed into the bung hole until a tight 
seal was made. Through the center of the bung plug was a 
threaded hole. By means of pipe and pipe fittings, there was at- 
tached to this plug a water inlet valve, a bleeder valve, and a 60-lb 
pressure gage reading in !/,-lb increments. The water inlet valve 
was attached to the city water supply, and by means of the bleeder 
valve the barrel and connecting pipes were filled with water so as 
to exclude as much air as possible. 

By the use of the inlet valve, the tesf was started by raising the 
pressure to 2 psi and holding it there for 2 min. The amount of 
water leakage, if any, was recorded after the 2-min interval. The 
pressure was then raised to 4 psi and held for 2 min. This process 
was continued, increasing the pressure 2 psi each time and holding 
it for a period of 2 min, until failure, or until leakage from the 
barrel was in excess of 1 lb per min. 

It is recognized that this internal hydrostatic-pressure test does | 
not represent a condition that would actually be met in use. Un- 
der normal conditions the barrels are not filled to the extent that 
all air is expelled. Instead, adequate space is left to compensate 
for the expansion of the contents. To study the performance of | 
the barrels without prolonged observations, however, the hydro- 
static-pressure test as described was used. 

Drop Test on Bilge. The barrels for the drop test on the bilge 
were filled, bunged, and weighed before dropping. They were 
then supported at the top and bottom chime with a set of metal 
grab hooks so that the lengthwise axis of the barrel was parallel 
to a metal plate resting on a concréte floor. The barrels were 
lifted by means of a hoist and were dropped by actuating a trip- 
ping device located between hoist load hook and grab hooks. 

For the first drop the barrel was raised to a height of 3 in. and 
dropped. The height of the next drop was 6 in., and the succeed- 
ing drops were increased by height increments of 3 in. per drop. 
All drops for any one barrel were upon the same point on the 
bilge. After each drop there was a 3-min waiting period after 
which the barrel was weighed to determine the outage, if any. 
This was continued until the barrel had lost at least one half of 
its contents. 

Diagonal Drop Test on Chime. The test procedure for the diago- 
nal drop test on the chime was identical to that of the drop test on 
the bilge, except that the barrel was supported by the grab hooks 
in such a way that the barrel was tilted so that the force of the 
drop impact was received by a point on the bottom chime. Each 
drop was upon the same point of the bottom chime. 


OBSERVATIONS, Test REsuuts, AND Discussions 


Observations Made Prior to Scheduled Tests. During the filling 
of the barrels with water it was noticed that the solid-stave bar- | 
rels had small leaks caused by. wormholes that had to be plugged. 
There were also other wormholes that had been plugged previ- 
ously. The laminated-stave barrels were tighter in this respect, 
and did not contain any wormholes that had to be plugged. 
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There was some seepage around the croze of the solid-stave 
barrels. After the barrels had had a chance to swell, this seep- 
age was usually eliminated. The laminated-stave barrels showed 
no seepage around the croze nor between staves while being filled. 

Subsequent to testing and during the testing program, the dif- 
ference in the design of the chime and croze of the solid-stave bar- 
rel and laminated-stave barrel became evident. The difference 
in the two designs of chime and croze is shown by the cross- 
sectional illustration, Fig. 2. 

Under a pressure or force applied to a small portion of the 
chime arc, it was observed that the wood structure of the solid- 
stave chime became indented and compressed the wood fibers 
while, under the same conditions, the wood structure of the lami- 
nated-stave chime became fracturéd by splitting or breaking 
across the grain at the croze. 

The better performance of the solid-stave chime under these 
’ conditions and during subsequent testing could be partially ex- 
plained by considering obvious differences in chime and croze 
design. The cross-sectional print shows that the chime for the 
laminated stave is approximately 1/, in. higher (or longer) than 
the chime for the solid stave when measured from the same rela- 
tive point in the croze. Also the solid stave is thicker at the croze 
than is the laminated stave. It can be shown that a greater unit 
stress will occur at the croze of the laminated stave than at the 
croze of the solid stave if an equal force is applied to the end of 
each type of chime. 

The tendency of the chime and croze to break across the grain 
of the stave did not seem to affect seriously the ability of the lami- 
nated-stave barrel to resist ledkage at that point. The perform- 
ance of the laminated-stave chime can be improved by a slight 
change in design. é 

Compression Test on Bilge. The results of the compression 
test on the bilge showed that the laminated-stave barrels, by. sus- 
taining an average maximum load of 10,292 lb at an average com- 
pression of 3.05 in., withstood greater compressive loads with less 
deformation than the solid-stave barrels, which withstood an aver- 
age maximum load of 9275 lb at average compression of 4.06 in. 

The test results also indicated that the laminated-stave barrels 
with an approximate average outage of only 6.5 lb of water just 
prior to maximum load appeared to be tighter than the solid- 
stave barrels tested, which had an average outage of 62 lb just 
prior to maximum load. 

A typical failure of the solid-stave barrels was usually a split- 
ting of the staves parallel to the grain or a breaking across the 
grain of the stave. 

The laminated staves had some slight splitting parallel to the 
grain and near the edge of the stave. This was apparently caused 
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by the loading block being pushed into the barrel with the result 
that the staves were splintered at the edges near adjacent staves. 
There was also some splitting and fracturing of outer laminations. 

Compression Test on Edge. In the compression tests on edge, 
the laminated-stave barrels reached an average maximum load of 
21,446 lb at an average compression of 3.64 in., as compared to an 
average maximum load for the solid-stave barrels of 19,141 lb at an 
average compression of 5.04in. This test also provided informa- 
tion on the relative tightness of the barrels tested. When the 
maximum load was reached, the average outage of the five lami- 
nated-stave barrels was 1.6 lb of water, as compared to the aver- 
age outage for the five solid-stave barrels of 122 lb of water. It 
may be of interest to note that two of the solid-stave barrels had 
lost more than one half of their water contents at maximum load, 
while at the same point in the tests, two of the laminated-stave 
barrels had not lost a sufficient amount of their water contents to 
‘register on the scale. 

The typical failure of the laminated-stave barrels when tested 
in diagonal compression usually developed in the following se- 
quence: (a) Top and bottom chime crushed at points of contact; 
(b) top and bottom chime split near glue line of laminations from 
the croze and broke off at the croze without serious leakage; (c) 
individual staves slipped past each other longitudinally, causing 
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the top head to buckle; (d) the staves continued to slide past 
each other until the stress created at the top croze caused the top 
head to slip out of the croze. 

The final failure of the solid-stave barrel usually developed in 
the following manner: (a) Crushing of top and bottom chimes 
at points of contact; (b) staves slipping past each other longitu- 
dinally; (c) top and bottom headpieces slipping past each other 
parallel to the grain; (d) top or bottom head or both starting to 
buckle; (e) top or bottom head failing ‘at point of inflection of 
buckling. ’ 

In the compression test on edge, as well as in the previously dis- 
cussed compression test on the bilge, the solid-stave barrels 
showed more slippage of their staves and headpieces than the 
laminated-stave barrels. This increased slippage in the solid- 
stave barrels undoubtedly accounted in part at least. for their 
lower resistance to distortion. Any longitudinal movement of 
the staves of the barrels would create bending stresses in the bar- 
rel heads because the croze was forced out of line. The multiple- 
piece solid-wood heads, which apparently were not assembled with 
adhesive, only had the two hickory dowels in each joint as the 
principal means of resisting any tendency for movement of one 
headpiece past the adjacent headpiece. On the other hand, the 


plywood head, owing to the inherent characteristics of its one- s 


piece construction, presented a better means of resisting the 
stresses created in the barrel head by the longitudinal movement 
of the staves tending to force the croze out of line. This charac- 
teristic of the plywood heads to resist the tendency for the 
croze to be forced out of line might very well have been an impor- 
tant factor contributing to the over-all stiffness qualities of the 
laminated-stave barrel. : 

Internal Hydrostatic-Pressure Test. In the internal hydrosta- 
tic-pressure tests, the principal failures for both the laminated- 
stave barrel and the solid-stave barrel occurred in the heads. 

The laminated-stave barrels withstood greater internal pres- 
sures and also exhibited greater tightness than the solid-stave 
barrels. The laminated-stave barrels with plywood heads failed 
at an average of 29 psi, while the solid-stave barrel with multiple- 
piece head failed at an average pressure of 15 psi. In the lami- 
nated-stave barrels a leakage of 1 lb of water did not occur until 
an average pressure of 27.6 psi was attained, while the solid-stave 
barrels had a leakage of 1 lb at an average pressure of only 5.6 psi. 

In the multiple-piece head, the reed flagging was forced from 
between the joints in the head, and the barrel leaked so that pres- 
sure could not be maintained. In two instances, an individual 
piece in a head broke across the grain. In the plywood-headed 
barrel, the failures were first apparerit by a breaking across the 
grain or split parallel to the grain of the outer plies, but there was 
no leakage through the heads until the break was completely 
through the entire head. Sometimes part of the head that failed 
pulled from the croze, but other times it remained tight in the 
croze. 

In considering the results of the tests where the final failure was 
breaking of the heads, it is difficult to analyze all the factors in- 
fluencing the resistance of the heads of these barrels to the forces 
set up by the internal pressure of the hydrostatic-pressure test or 
to the surge of water resulting from the drop tests (to be discussed 
later). Although the plywood heads were 1/3 in. thicker than 
the solid-wood heads, it is felt that perhaps this did not affect the 
performance of the plywood heads so much as the fact that 
the plywood heads were of one-piece construction, as compared to 
the multiple-piece solid-wood heads. 

Drop Test on Bilge. In the drop test on bilge, the laminated- 
stave barrels gave better performance than the solid-stave barrels 
that were tested. The approximate cumulative amount of work 
absorbed at an outage of 1 lb of water was 5932 ft-lb for the lami- 
nated-stave barrels against 1793 ft-lb for the solid-stave barrels. 


TRANSACTIONS OF THE ASME 


JULY, 1948 


At final failure, the approximate cumulative amount of work 
absorbed was 17,293 ft-lb for the laminated-stave barrels. The 
comparable figure for the solid-stave barrels was 5246 ft-lb, or 
only about one third of the value obtained for the laminated- 
stave barrels. 

Cumulative work absorbed was determined by taking the sum- 
mation of the products obtained by multiplying the individual 
height of drops, in feet, by the gross weight of the barrel before 
the drop. 

The laminated-stave barrels withstood average maximum drop 
heights of approximately 48 to 51 in., while the solid-stave barrels 
withstood average maximum drop heights of 24 to 27 in. 

When the solid-stave barrels were dropped, the staves receiving 
the impact tended to flatten out, thus moving past the other 
staves and setting up a stress in the heads near the croze. This, 
coupled with the surge of the water contents, finally resulted in 
the heads slipping out of the croze, and the breaking across grain 
of individual headpieces. These breaks generally occurred at the 


- point where the dowels were located. 


Witen the laminated-stave barrels were dropped, the staves re- 
ceiving the contact also tended to flatten out and in so doing 
caused the head hoops to loosen and to start slipping off the end 
of the barrel. When this happened, leaks developed at the croze. 

The laminated-stave barrels bounced after the initial impact on 
the bilge and on the return impact the chime received an addi- 
tional partial blow and eventually became broken off at the croze. 
As a result, the heads were forced out of the croze because they 
had to absorb the inertia or liquid surge of the water contents 
when the barrel was dropped. 

» Diagonal Drop Test on Chime. In the diagonal drop test on the ~ 
chime, which is a severe test of the ability of a barrel to absorb 
shock and resist distortion, the laminated-stave barrels again 
withstood more drops than the solid-stave barrels even though 
the chime of the laminated-stave barrel was usually damaged on 
the first drop (8 in. height). During the following drops, the 
chime of the laminated-stave barrel at the point of contact con- 
tinued to crush, break, and split at the croze. There was no se- 
rious leakage from this point of contact until the head slipped out 
of the croze or fractured from arresting the inertia of the water 
contents. . The head also fractured at the point of drop contact. 
Failure always occurred in the bottom head and developed when 
it broke across the grain or slipped out of the croze. 

The approximate cumulative amount of work absorbed at an 
outage of 1 lb of water was 4349 ft-lb for the laminated-stave bar- 
rels, against 1976 ft-lb for the solid-stave barrels. At final failure, 
the comparable figures were 5940 ft-lb for the laminated-stave 
barrel against 2532 ft-lb for the solid-stave barrel or less than one 
half of the value obtained for the laminated-stave barrel. The 
laminated-stave barrels withstood average maximum drop heights 
of approximately 27 to 30 in., while the solid-stave barrels with- 
stood average maximum drop heights of 24 to 27 in. 

In the solid-stave barrels, the chime receiving the impact with- 
stood the impacts better than the chimes of the laminated-stave 
barrels. While the edges of the solid-stave chimes were crushed 
at the point of contact, they did not fracture nor shear off as did 
the chimes of the laminated staves. The bottom head of the sol- 
id-stave barrels broke across the grain at the location of the dow- 
els or else slipped out of the croze. 


CoNCLUSIONS 


Although it is apparent from this study that the barrels manu- 
factured with laminated staves and plywood heads gave better 
performance in the laboratory tests than the barrels manufac- 
tured with solid staves and multiple-piece solid-wood heads, it 
should be remembered that this conclusion, as well as those which 
follow, refers specifically to the two groups of barrels provided for 
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the investigation. In the solid-stave barrels, the width of the 
staves varied greatly, and the number of staves was about double 
the number used in the laminated-stave barrels. Similar. labora- 
tory tests of solid-wood barrels having staves comparable in size 
and number to those of the laminated-stave barrels might easily 
yield entirely different results. 

The laminated-stave barrels tested sustained greater average 
maximum loads and with less distortion than the solid-stave bar- 
rels in both the compression test on bilge and the diagonal com- 
pression test on edge. . 

The solid-stave barrels were more susceptible to loss of liquid 
contents during filling and during testing than were the laminated- 
stave barrels. The solid-stave barrels leaked and failed structur- 
ally at lower internal hydrostatic pressures, and they suffered 
greater outage during the other tests than the laminated-stave 
barrels. 

The laminated-stave barrels withstood more drops and from 
greater heights than the solid-stave barrels before serious struc- 
tural failures occurred. 

The solid-stave barrels were lighter in weight and suffered less 
damage to the chime than the laminated-stave barrels. The tend- 
ency for the laminated-stave chime to break or split readily at 
the croze during the edgewise drop and compression tests did not 
seriously affect its resistance to leakage. It appears possible to 
improve the performance of thedaminated-stave chime by a slight 
change in its design. 

This study did not provide information regarding the ability of 
the barrels to resist leakage under storage conditions conducive to 
alternate shrinking and swelling of the wood, nor did it indicate 
their adaptability for aging of alcoholic beverages. 


Discussion 

E. G. Srern.4 This report on the performance characteristics 
of tight white-oak barrels brings to light outstanding test data in 
favor of the laminated-stave plywood-head barrel. 

Beth the solid and the laminated staves of the tested barrels 
were 3/, in. thick. The laminated stave had a chime of 11/\¢ in., 
and the solid stave had a chime of 11/1. to 13/,;,in. This difference 
in the length of chimes may be an explanation for failure of the 
laminated-stave chime in the edge-compression test, since the 
larger chime of the laminated stave provided a larger lever of the 
eccentrically loaded barrel edge. Thus splitting or breaking 
across the grain failures occurred, while the shorter lever in the 
shorter chime of the solid stave did not result in excessive internal 
stresses. The reported deficiency of the laminated stave may be 
attributed to the particular design of the chime and not be inher- 
ent to the laminated construction. 

The staves under observation were solid or parallel-laminated 
with four layers of 3/;.-in-thick veneers. It is believed that a 
cross-laminated stave with three parallel-laminated veneers and 
with one cross-laminated veneer, that is, the second veneer from 
the inside having grain perpendicular to the other three veneers, 


4 Research Professor and Head, Department of Wood Construc- 
tion, Director, Wood Research Laboratory, Virginia Polytechnic In- 
stitute, Blacksburg, Virginia. Mem. ASME. 
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would have certain merits worthy of investigation. Contrary to 
the need for balancing veneers of flat panels, an unbalanced com- 
pound-shaped stave is entirely feasible. Such cross-laminated 
construction would result in a greater dimensional stability: (1) 
allowing final machining of croze, howel, and chime in a single 
operation before assembly of the staves;:(2) with complete inter- 
changeability of machined staves during replacement of staves in 
finished barrels; (3) with more permanently tight barrels; (4) 
with continuously tight» hoops; (5) preventing lengthwise split- 


_ting of staves, reported to be a serious limitation in the perform- 


ance tests. It is evident that replacement of a parallel-laminated 
veneer with a cross-laminated layer also would result in certain 
property decreases. Should this weakening be too critical, it may 
be justified to increase the four layers of veneers by one, although 
it is possible that increased production cost and time may out- 
weigh the advantages attained. 

An explanation would be desirable why the laminated staves 
are not of uniform width, that is, why twelve “‘full-size’”’ and three 
“‘two-third-size”’ staves are used. 

It would also be of interest to learn what patent claims were 
granted for the discussed type of construction. 

Is it advantageous to mold rotary-cut veneers in their natural 
curvature in order to prevent splitting of veneers during molding, 
or is it feasible to mold veneers in disregard of such a possible ad- 
vantage? 

The statement is made that the laminated-stave plywood-head 
barrel is lighter than the solid barrel. Data on the test weights of 
both types of barrels would be welcome. 


AutTuors’ CLOSURE 


It appears that Mr. Stern has thoroughly studied and con- 
sidered the paper and has realized some of the problems it pre- 
sents. His analysis of the failure of the laminated-stave chime 
parallels quite closely our own explanation of this problem. 

The suggestion made about a possible cross-laminated stave 
appears to be feasible. Mr. Stern has given considerable 
thought to this idea and he has not lost sight of the fact that even 
though a cross-ply might create certain advantages, it might at 
the same time result in certain property reductions. 

The use of the ‘‘two-thirds-size”’ stave is purely for the purpose 
of economy. By the use of staves of this size, veneer material 
may be utilized which has had some slight defect removed to 
make the veneer of proper quality but not of sufficient width to 
make a “‘full-size”’ stave. 

As to the patent claims, it is understood that T. D. Perry, an 
engineer with Resinous Products and Chemical Company, Phila- 
delphia, Pa., has the history of the patent rights of the laminated- 
stave barrel. 

If the statement is made in this paper that the laminated- 
stave barrels tested were lighter in weight than the solid-stave 
barrels tested, it.is an error and the authors are sorry that such 
was the impression. The following table gives some average de- 
scriptive data for the barrels tested. : 


Laminated-stave Solid-stave 
barrel barrel 
Bilge, circumference, in............ 78 79 
Barrel height, average, in.......... 347/s 341/s 
Capacity wralasirastns ai clsrotieerecise 50 to 55 50 to 55 
Weight;faverage, Ibi... i.6.. 3. csc ee 75. 70.6 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
‘Water-Cooled Steam-Boiler Furnace 


I—Variations in Heat Absorption as Shown by Measurement of Surface 
Temperature of Exposed Side of Furnace Tubes 


By L. B. SCHUELER,! NEW YORK, N. Y. 


This report is one of several current formal reports (1)? 
covering the activities of the ASME Special Research Com- 
mittee on Furnace Performance Factors. These investi- 
gations were undertaken early in 1945, as one of the direct 
contributions of the Committee to the fundamental 
knowledge of heat-transfer processes in water-cooled 
boiler furnaces. The: present investigation is still under 
way and this report is an introduction to and description 
of the project along with a presentation of significant data 
procured and analyzed up to December, 1946. The*in- 
vestigation is being carried out on boiler No. 11 at the Tidd 
Plant of The Ohio Power Company, Brilliant, Ohio. Di- 
rectly co-operating with the Committee in the installation 
of apparatus, testing, and analysis of data are the Ameri- 


_ can Gas and Electric Service Corporation, Combustion 


Engineering Company, and U. S. Bureau of Mines, Pitts- 
burgh Experiment Station. It was at the initial sugges- 
tion and invitation of Mr. Philip Sporn, a member of the 
main Committee, that a comprehensive investigation of 
furnace-heat absorption on a full-scale unit was held de- 
sirable, and one of the Tidd Plant boilers was made avail- 
able to the Committee for such an undertaking. 


INTRODUCTION 


HIS report covers the results of tests conducted under 

the auspices of the ASME Special Research Committee 
on Furnace Performance Factors to investigate the varia- 

tion and distribution of heat absorption in a specific water-cooled 
boiler furnace under various conditions of operation. The use 
of a multiplicity of thermocouples installed in furnace-wall 
tubes of a large central-station boiler provides the first compre- 
hensive picture of the heat-absorption pattern in such a furnace. 
The heat-absorption rate is involved indirectly in that the fur- 
nace-wall-tube skin temperatures are measured with thermo- 
couples, and the absorption rate is known to be related directly 
thereto as a function of the tube-temperature elevation above 
boiler-water saturation temperature. A similar method of 
measuring heat absorption has been used for some time, as 


1 Assistant Mechanical Engineer, American Gas and Electrie Serv- 
ice Corporation. Mem. ASME. ; 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. : 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, Chi- 
cago, Ill., June 16-19, 1947, of Taz Amprican Socipry or MecHant- 
CAL ENGINEERS. 

’ Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


reported by E. G. Bailey (2), and involves the use of thermo- 
couples embedded in wall blocks at various depths to deter- 
mine the temperature gradient. 

The provision of a vertical tilting mechanism for the burners 
permitted producing wide variations in tube temperatures, and 
corresponding heat-absorption rates, as desired. 

Three series of tests comprising 14 complete individual tests 
have been run and analyzed and are reported herein. The tests 
cover measurements of temperatures of 135 furnace-wall tube- 
face thermocouples and 4 cold-side tube thermocouples to 
measure base saturation temperature, along with all supporting 
operating data and notes. All thermocouples are wired to a 
single 7-bank 21-point potentiometer recorder which records 
thermocouple temperatures consecutively «and continuously 
throughout the testing period. The tests are designed to develop 
the influence of some of the more basic operating variables such 
as rating, excess air, burner position, and furnace-wall cleanli- 
ness. The wall cleanliness was under some degree of control as 
produced by use of wall soot-blowing elements in the upper 
portion of the furnace. Other influences, such as variation 
of wall-tube cleanliness (or conversely, permanent dirtiness or 
“aging’’) and flame distribution were also sought. 

The AT (furnace-tube temperature minus saturation’ tem- 
perature) values have been averaged for each thermocouple and 
subjected to analytical treatment to determine the relation be- 
tween them and the better-known design and operating variables. 
These AT values have also been plotted as isotherms to provide 
a convenient “picture” of the relative heat-absorption pattern 
in the furnace for each test. Several analyses of variation in AT 
values during a given test have been made, and these illustrate 
the cyclic fluctuation in tube temperature as caused by variable 
ash coverage. Photographs of furnace walls, taken during one 
of the testing periods, are shown and.can be related reasonably to 
the wall-tube AJ’ patterns in a number of cases. 

Other analyses indicate the substantial vertical gradient in 
furnace heat absorption, and the pronounced effect of tilting the 
burner nozzles both on local and over-all heat-absorption levels. 
An empirical constant is presented to permit direct conversion 
of the over-all average furnace AT into equivalent total heat 
absorption. This constant is subject to critical checking and is 
not firmly substantiated but is offered to stimulate possible fur- 
ther analysis of the data by others. 


OxsyectT OF INVESTIGATION 


The object of that portion of an extensive boiler-furnace-per- 
formance investigation reported herein is to measure the relative 
heat-absorption rate at the various selected points of a water- 
cooled steam-boiler furnace under various operating conditions. 
The means of measurement of heat-absorption rate are indirect, 
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that is, bude Namnacedace surface temperatures are measured by 
mraans of thermocouples, and the relative absorption rate is as- 
sumed to be directly proportional to the elevation of tube-surface 
temperature above boilemwater saturation temperature, This 
temperatare diorence AP, is assumed to be closely proportional 
t the hoatadsorption rate at the point of measurement, but is 
wot tateaded to be an accurate index of the absolute heat-ab- 
sorption rate at that point, although some estimates of this latter 
fram will be giver asa matter of general interest. By successive 
gesting pesiods it is believed that some general trends in the 
eharacteristies of arnace absorption and their variation with 
time, Aeantiness, rating, and other factors can be established. 
Ta this way a More detailed understanding of the process of heat 
adsorption ta a famnace will be made available to supplement the 
Present Loaitead knowledge which is restricted more or less to 
OVOOAT afRots, 
Apparatus Usrp 

The doiler on which the tests are being carried out is a con- 
ventional threo<dram dent-taube unit with a dry-ash-removal 
hoppemhotionm famnace and with pulverized-coal firing through 
edmner barners into the completely water-cooled furnace. The 
geeral ammaagoment of the unit is shown in Fig. 1. The furnace- 
wall Qadbes on all four Sides are bare 3-in-OD tubing on 3'/s-in. 
edataw and are backed by vertical steel sealing strips between 
tados, The frrnace-roof tubes are 3-in-OD tubing with 1-in- 
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KEY PLAN SHOWING DEVELOPMENT AND 
SIRECTION OF VIEWING FURNACE WALLS 


Fig. 2. Key PLran AND THERMOCOUPLE LocaTION IDENTIFICATION 
D1taGRaM 
e 
wide fins on the center line and arranged on 6-in. centers. The 


boiler screen consists of 4 rows of 3-in-OD tubes, on 12!/2-in. 
centers, laterally. The unit is designed for 1525 psi pressure, 
and design operating conditions are 1375 psi and 925 F steam at 
the superheater outlet at 475,000 lb per hr maximum continuous 
output. The burners fire tangentially from each corner to a 
2-ft 6-in-diam center-firing circle and are provided with ver- 
tically adjustable coal and air nozzles which have an adjustment 
range of 30 deg tilt up or down from the normal horizontal posi- 
tion. This feature permits considerable variation in distribu- 
tion of furnace heat release, and corresponding absorption, to be 
produced as desired, and has been extensively explored during the 
test program here reported. 

The thermocouples which measure temperatures of the outer tube 
surface are installed substantially as described by Humphreys 
(3), and consist of chromel-alumel No. 22 gage glass insulated 
duplex wire which passes through a !/s-in-diam hole in the sealing 
strip between the wall tubes and then through the groove in the 
guard ring which is welded to the tube. The hot junction is 
made at the furnace face center line, or tangent, of the tube in all 
cases. The location arrangement and installation details of 
thermocouples are shown in Fig. 2, which is a development of the 
furnace walls and roof. Also shown are furnace inspection 
doors, furnace-wall soot blowers and burner-nozzle center lines 
for the four corners. No thermocouples are installed in the ex- 
tension of the rear wall tubes which form the boiler front screen 
due to difficulty in carrying leads out of the hot gas zone. The 
thermocouple designation numbers are given in Fig. 2 and will 
be referred to as such in all subsequent data and curves. It 
should be noted that this diagram represents thermocouple 
location as viewed from “outside” the furnace. 
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There are a total of 135 furnace-tube center-line thermocouples 
and 4 furnace cold-face saturation base thermocouples installed, 
and each of these is carried outside the wall into a 3-in. pipe 
nipple which is welded to the outer furnace casing. A cap is 
fitted on the end of each to minimize air leakage into the furnace. 
The wires come out of the pipe nipple through a 1/,-in. hole and 
pass into a “Wiremold” conduit system which picks up all wires 
and carries them to the recording instrument. This provides 
substantial protection for the extended testing program in- 
volved. The thermocouple wires are brazed to chromel-alumel 
lead wires directly at the entrance to the Wiremold channel. 
This channel has a readily removable cover over its entire length 
so that access for inspection or repair is facilitated. All thermo- 
couple lead wires are carried to a single 140-point Leeds & North- 
rup potentiometer-recorder which consecutively records the 
temperature of all thermocouples, or any preselected group, or 
individual ones. 

The instrument is a conventional 21-point high-speed Micro- 
max unit supplemented by a switching unit which has 7 groups of 
21 contacts which are switehed on and off automatically and in 
sequence in any preselected manner. Thermocouples are identi-, 
fied by numbering from 1 to 21 for all of the 7 groups and are 
further identified by a group-bank identification number which 
is one of the 21 points and prints at the upper extremity of the 
chart range to identify the group being recorded. 

Normal operating time is approximately 12 sec for each point 
so that a complete cycle of 189 temperatures and 7 identification 
numbers are recorded in about 30 min. This represents a reasona- 
ble compromise between extremely high-speed recording, which 
gives a more detailed record of rapid fluctuations in temperatures 
but involves an impracticality in the volume of data: to be ana- 
lyzed, and a conventional slow-speed instrument which does not 
reveal many of the significant variations in temperature over 
shorter time intervals. The instrument is mounted near the 
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boiler, and is shown in Fig. 3 which is a photograph of the actual 
installation. During testing periods the instrument is operated 
continuously and requires only infrequent attention in the way 
of checking galvanometer balance for evidence that it is func- 
tioning properly. The saving in man power during tests by use 
of this instrument is very considerable, and it has proved itself a 
very worth-while investment. 

General operating data are provided by the existing boiler- 
unit instrumentation and include all necessary flowmeters, tem- 
perature and pressure recorders, and a flue-gas oxygen analyzer. 
Coal scales weigh all coal fed to the boiler under test, and 
samples can be taken readily for analysis. A generous and 
well-located quota of furnace inspection doors is provided for 
visual observation of furnace-wall and flame conditions during 
testing periods. The furnace-wall soot blowers permit means for 
establishing a basic “clean” condition at the start of tests when- 
ever desired. The wall soot-blower installation, as shown in 
Fig. 2, does not permit cleaning all portions of the walls but only 
that above the burners. The surface below approximately 
elevation 690 ft is not affected appreciably by the operation of 
blowers. 


Report oN TEsts 


There have been three® series of complete tests run and ana- 
lyzed and these are reported herein. The essential operating 
data, along with several supporting items derived from the data, 
are givenin Table 1. The first series of tests (Nos. 1, 2, 3, and 4) 
were carried out about 3 months after initial operation of the 
boiler. During this period operation was quite steady at about 
400,000 lb of steam per hr output. The soot-blower installa- 
tion had not been completed so that the furnace walls had con- 
siderable ash covering which was not disturbed during this first 
series of tests. This series was considered more as a “shake~ 
down” run for the apparatus as well as the test crew, but the 
data are none the less complete and as accurate and well taken 
as for any of the later tests, and are interesting in that they 
represent ‘‘uncontrolled” conditions as to furnace-wall cleanli- 
ness. The full range of burner-nozzle tilting was explored during 
this first series. These tests and all others reported in Table 1 
were carried out in conjunction with and simultaneous with other 
tests reported elsewhere (1). The duration of the tests was es- 
tablished by the requirements of these other investigations. 

The second series of tests (Nos. 10, 11, 18, 14, and 15 in Table 1) 
somewhat paralleled those of the first series although a higher 
rating was planned but could not be reached due to limitation 
of pulverizer capacity by the high-moisture coal at that time. 
The soot blowers were in operation and were used to clean the 
furnace walls prior to each test, except No. 10 which was run 
with ‘‘dirty walls” to provide a basis for comparison with data of 
the first series of tests. The remainder of this series substan- 
tially duplicated runs of the first series except for wall cleaning 
and for the intermediate tilt position of test No. 14, where only 
lower burners were tilted downward. A small number of ther- 
mocouples which had failed or showed inconsistent readings dur- 
ing or after the first series of tests were renewed prior to this 
second series so that an almost complete quota of points was 
used. 

The third series of tests (Nos. 17, 18, 19, 20, and 21) were con- 
ducted with the view of exploring the effect of two other varia- 
bles not previously covered, namely (a) variable load, and (6) 
variable excess air. All these tests were preceded by the usual 
wall-cleaning process so as to establish what was considered a 
normal uniform basis of wall cleanliness in so far as was possible 


3 A fourth series of tests were subsequently run, and the operating 
data and some of the analytical data are reported in the accompany- 
ing Appendix. 
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with such equipment. Burners were. maintained horizontal in all 
tests so as not to obscure the effect of the other variables. A high 
rating of 503,000 lb per hr (feedwater flow) was carried on test 
No, 18, although the fuel input for this test corresponds closely 
to that of normal maximum design output of 475,000 lb and 925 F 
steam temperature, the test steam temperature being considera- 
bly lower due to the combined effect of clean walls and hori- 
zontal burner position. 

The behavior of thermocouples was checked on several occa- 
sions when the boiler was being taken out of service. The record 
of temperatures at such times indicated proper calibration of 
all satisfactory couples as following the saturation temperature 
characteristic. The few cases of abnormal readings for some 
couples indicated immediate replacement for these. 


Discussion oF DaTA 


The test data given in Table 1 are averages of the data taken 
periodically during each test run. Operating conditions wére 
maintained reasonably uniform for the entire period of each test 
so that arithmetic averaging, as it is being done, is probably quite 
acceptable and representative. 

Referring further to Table 1, the following additional com- 
ments are made to amplify and clarify the data reported: 


(a) Theitem of ‘Furnace condition’ represents a statement as 
to whether the walls are “dirty” from previous operation and 
without cleaning prior to testing, or whether they have been 
“cleaned”’ by blowing the wall soot blowers just prior to starting 
the test. 

(b) It is well known that the boiler-output level indicated by 
. “Feedwater flow’’ is pesscnsb li accurate, particularly at higher 
ratings. 

_(c) The fuel and ash data are ae composited samples taken 
frequently during the test period, and all proximate analyses 
and ash-softening temperature data are by the U. S. Bureau of 
Mines. A more detailed account of these items is given in an- 
other paper (1). 

(d) The item “Excess air at economizer outlet” is by a Bailey 
oxygen recorder which is carefully checked prior to and during 
each test. It represents analysis of gas from a single sampling 
point at the center of the gas flue leaving the economizer. A 
traverse of the entire flue at this level shows slightly higher aver- 
age excess air, as would be expected. 

(e) The item “Excess air at furnace outlet” is by water- 
cooled sampling-tube traverse and Bailey oxygen recorder and is 
described more fully elsewhere (1). It is given here merely to 
indicate fairly reasonable agreement and consistency in data 
from the two locations. 

(f) The item ‘‘Average furnace-exit-gas temperature” is by 
water-cooled single-shield exposed-junction high-velocity thermo- 
couple traverse and is described more fully elsewhere (1). It is 
given here and referred to later to indicate comparison bf over-all 
furnace absorption by exit-gas temperature and by wall-tube 
temperature. 

(g) The derived quantities “Heat input in fuel” and “Heat 
available to furnace” are given to provide a more fundamental 
basis of establishing furnace heat release. In both cases, quan- 
tities are heat-released above 80 F. “Input in fuel” is the 
product of fuel fired and calorific value, while “Heat available’ 
is the net sensible heat to the furnace. 

(h) The item’ ‘‘Average furnace wall TC — AT” is obtained 
by arithmetic averaging of all furnace-wall temperatures recorded 
during a specific test period, and subtracting the boiler satura- 
tion temperature for that period, as determined from the average 
of all saturation thermocouple readings. No correction is made 
for slight variation in saturation temperature due to variable 


hydrostatic head at the particular elevation or average elevation 
considered. 

In addition to the physical and analytical data reported in 
Table 1, there were certain ‘visual’ data which were acquired 
and some of which are reported here. This involves the actual 
inspection of furnace conditions by observers throughout the 
tests and the recording of these observations. The complete 
record of these cannot be given here, due to their length, but 
short excerpts will be quoted to indicate their nature, as follows: 


Test No. 19 (refer to Fig. 17 for photographic record). 

Front Wall—Elev. 679’—0” [Fig. 17 (e) and (f) ] 

A.M.—The front wall was approximately 75 per cent covered 
with 1/.-in-thick sponge ash beginning at the center half about 1 
foot above the operating floor and increasing in width up to 
the burner level. Most of the tubes appear to have a thin 
clean strip on the side opposite the direction of burner rotation. 

P.M.—The same general type of deposit was on this wall as 
previously noted, except that it appeared to have grown slightly 
thicker and several large strips had peeled off the center. 

Right Wall—Elev. 689’-0” [Fig. 17 (d)]: 

A.M.—From the front, it appears that two thirds of the right 
wall was from 80 per cent to 90 per cent covered with asheet of semi- 
fused slag approximately !/. in. thick. From the rear it could be 
seen that practically all of these deposits were heavy strips lo- 
cated on the center and side of each tube toward which the 
firing was directed. 

P.M.—The condition of this wall was similar to that pre- 
viously noted except that the covering extended back slightly 
farther and many of the strips had increased in thickness up to 1 
inch and extended over to the adjacent strip forming almost con- 
tinuous coverage. 

Left Wall—Elev. 689’-0” [Fig. 17 (c) ] 

A.M.—The front two thirds of the wall was covered with a 
deposit similar to that noted for the right wall. 

P.M.—Deposits on the front two thirds of the wall had in- 
creased similarly to that noted for the right wall. 

A complete summary of test average AT’ values for all thermo- 
couples is given in Table 2. It will be noted that there are occa- 
sional blank spots which indicate data tg be lacking owing to 
faulty or failed thermocouple conditions. The points 6-19, 
6-20, 7-18, and 7-19 are the saturation-base couples, which are 
averaged to establish the basic zero AJ. The data given in this 
table are used in all subsequent analyses in this report where 
averages for the total test period are used. 


ANALYSIS AND INTERPRETATION OF DaTa 


An examination of the wall-tube AZ’ values, as determined 
from successive recorder readings of specific couples, is of interest, 
particularly where these couples are in zones of high heat release 


HOURS 


TIME. HOURS TIME, 
. 
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and ash concentration. This is shown for several such couples in 
Fig. 4 which shows the behavior of thermocouples at the mid- 
point of each wall at elevation 698 ft where sponge ash was being 
deposited at a relatively rapid rate during test No..11. It should 
be noted that the furnace is almost square, and the burners are 
similarly arranged at each corner so that firing similarity is sub- 
stantially uniform with respect to all walls. The concentration 
of ash and the combustion activity are at or near maximum in- 
tensity at this level due to extreme turbulence and probable 
greatest recirculation rate, so that extremely high or low absorp- 
tion rates would be expected depending upon ash coverage. 

The variation in tube AT is shown to be quite irregular for the 
selected points shown in Fig. 4. Thermocouple 5-13, which is at 
the center of the right wall, shows a clearly discernible cycle of 
ash accumulation and falling off, the period being about 2 hr. 
Thermocouple 4-13 at the center of the left wall appears to have a 
cycle of about 8 hr but with greater variation in AT. The mid- 
point thermocouples in the front and rear walls, 1-18 and 3-18, 
show still different characteristics both as to cycle period and AT 
range. : ; 

It is obvious from examination of these records that the heat 
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* External saturation base thermocouple, 


absorption of closely spaced bare-tube walls adjacent to the 
burners in a dry-ash furnace can be quite irregular and generally 
unpredictable. This same process of ash accumulation and 
shedding occurs over surfaces farther removed from the burn- 
ers but to a lesser extent. While the “‘local’” effect appears of 
great magnitude, the ‘‘over-all” effect is probably greatly reduced 
by the great diversity in period and magnitude of the condi- 
tion, as clearly shown in Fig. 4. The variations shown also tend 
to confirm the opinion of some that furnace performance should 
not be judged from individual tests but rather from a very great 
number of tests under all potential conditions so that the “range” 
of performance is fully explored and considered. 

The furnace-wall-tube average test AT values have been indi- 
cated on a furnace-wall outline development for those tests of 
significance, as indicated in Figs. 5 to 16, inclusive. These have 
been augmented by tube AT “isothermal lines” to better visual- 
ize the heat-absorption pattern for all the walls. Also shown are 
the burner position and the average AT for the various levels at 
which thermocouples are installed. A brief interpretation of the 


data shown in Figs. 5 to 16 is given herewith to illustrate certain 
over-all deductions. 
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Fig. 5 (test No. 3). The dirty furnace walls are evidenced 
by low absorption (A7’) areas in the burner zone which are cov- 
ered with ash for all or a great part of the time. This produces 
extremely high-level average A7’s at elevation 668 ft although 
prolonged operation with burners tilted downward, as for this 
test, would probably result in eventual ash covering at this lower 
level. 

Fig. 6 (test No. 10). The walls were dirty for this test 
although the data indicate, and visual observation of wall condi- 
tions during the test confirm, that they were not as dirty as for 
the first series of tests, and there are fewer apparent areas of 
heavy ash coverage, and correspondingly very low AZ’, than for 
test No. 3. The lower portion of the furnace is absorbing at con- 
siderably lower rates with horizontal burners than with downward 
tilted burners. The upper portion of the furnace is absorbing at 
higher rates, both because of burner position and greater residual 
heat in gases leaving the partly dirty central portions of the fur- 
nace. This indicates quite clearly the substantial compensating 
influence of a clean furnace zone which recovers a very great 
proportion of heat following a dirty zone. Several ‘‘islands” of 
dirty surface are evident in the upper part of the front and right 
walls and operation of wall blowers would have removed this ash 
quite effectively. 
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Fig. 7 (test No. 11). The beneficial effect of cleaning walls 
with soot blowers is evident in comparing this clean-wall . 
test with the two previous dirty-wall tests. The absence of- 
islands of heavy ash accumulation is noticeable, although it 
must be remembered that the AT’ values shown are averaged from 
readings over a period of 7 hr, and the walls, although cleaned 
just prior to the start of the clean-wall tests, do acquire a coat- 
ing of ash in the burner zone during the course of the test period. 
This will be demonstrated more clearly later. 

Fig. 8 (test No. 13). This is a clean-wall test with all 
burners tilted upward and the movement of high-absorption 
zones upward is quite evident. The very low absorption rate 
below the burner level is particularly marked, and its effect is 
significant on over-all furnace performance. An island of 
heavy ash and low absorption is evident on the front wall directly 
in the flame path. Also of interest is the rapid AT’ gradient at 
this zone as evidenced by close-spaced isothermal lines. A 
similar small zone of extremely high absorption is seen on the 
right wall and the sharp gradient downward is evident. 

Figs. 9 and 10 (test No. 14). This is another clean wall 
test but with the upper burners horizontal and the lower burners 
tilted down 30 deg. Two diagrams have been included from 
this test, the first, Fig. 9, showing average AT’ values for a 11/2- 
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hr portion of the 2'/s-hr period elapsing between operation of 
wall soot blowers and the beginning of the formal test. The 
second, Fig. 10, shows average AT values for the last 1!/2 hr 
of the test period. Fig. 9 shows the effect of the ‘“‘spread’’ burner 
position clearly in that two high-absorption zones are discernible 
in both front and rear walls, and which are clearly produced by 
flame direction from the two burner levels. The uniformity of 
absorption over a considerable height of the furnace and the 
high rate for this area indicate the beneficial effects of this par- 
ticular burner arrangement and the extreme wall cleanliness. 

Fig. 10 indicates the effect of ash coverage accumulated during 
the test period, and the corresponding reduction in absorption 
rate over considerable wall area. The disappearance of the 
high-absorption islands in the hopper zone at about elevation 
670 ft shows the appreciable effect of ash coverage in this area. 
A further study of this test and the details of ash behavior and 
effects will be given later. 

Fig. li (test No. 15). This shows a clean test with both 
burner levels tilted 80 deg downward. High AZ values in the 
lower furnace and hopper areas are evident as a result of down- 
ward flame direction. The high over-all AT average and low 
furnace-exit-gas temperature given in Table 1 for this test indi- 
eate the very beneficial over-all effect of this burner arrange- 
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ment, while Fig. 11 indicates in more detail the uniformly high 
absorption level over a greater portion of furnace height than 
for any other burner arrangement. 

Fig. 12 (test No. 17). This is a clean test at normal rating 
and with all burners horizontal but with high excess air, 35 
per cent leaving the furnace as compared to normal 25 per cent. 
The only new item of significance to note in this test is the rela- 
tively wide spacing of the isothermals, except for several areas 
in the burner zone, which indicate absence of ash deposits with 
correspondingly greater uniformity in absorption. This greater 
stability of furnace cleanliness with higher excess air may be a 
desirable method of operation for certain abnormal conditions. 

Fig. 18 (test No. 19). This is similar to the previous run ex- 
cept that normal excess air of 25 per cent leaving the furnace was 
used. Other than a noticeable increase in ash coverage on the 
walls, this run needs no further comment. It was run to es- 
tablish a means for proper judgment of excess-air influence. 

Fig. 14 (test No. 20). This is also similar to tests Nos. 17 and 19, 
except that low excess air, 16 per cent leaving the furnace, was 
used. The further influence of more ash coverage is noted, al- 
though the effect of higher flame temperature is predominant in 
its influence on over-all average AT for the test periods involved. 
A further analysis of the excess-air runs will be covered later. 
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Fig. 15 (test No. 18). This is a maximum-rating run with 
clean furnace conditions, normal excess air, and with all 
burners horizontal. The higher level of all AZ’ values at this 
higher rating is quite evident. There is also a concentration of 
high absorption at the immediate burner level, and some evi- 
‘dences of heavy ash accumulation in this zone are noted, al- 
though these are tempered by the sweeping action of the burners 
which appears to inhibit heavy ash formation on walls in the 
direct flame flow path. A considerably longer test run under 
these same conditions appears desirable to study the possible 
variations in absorption pattern over a considerable period of 
time. 

Fig. 16 (test No. 21). This is a lower rating run with clean 
furnace conditions, normal excess air, and with all burners hori- 
zontal. The generally lower AZ’ values, except at the burner 
level, indicate clearly the effect of rating alone on over-all furnace 
absorption. The somewhat higher AZ values directly in line 
with the burners are evidently the effect of direct flame impinge- 
ment which would not. be expected to vary so greatly with rating. 
The wide spread between isothermal lines indicates the general 
absence of heavy ash coverage, as would be expected at reduced 
rating. 

In an attempt to correlate the test data with visual data in the 
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form of a photographic record, ntimerous pictures were taken 
during each of the last series of tests. While location of observa- 
tion doors and unfavorable furnace-wall visibility interfered with 
obtaining clearly detailed and informative photographs, several — 
were obtained some of which are presented here. 

Figs. 17(a) to 17(f), inclusive, show various views of the furnace 
walls taken during test No. 19. The viewed and viewing loca- 
tions and gas-flow direction past the walls are given for each photo- 
graph and a check of the AT isothermals in Fig. 13 shows the fol- 
lowing: 1 Fig. 17(a) and isothermals indicate slight ash coverage 
on the near side of the wall tubes at elevation 724 ft. 2 Fig. 
17(b) and isothermals show clean tubes on the near side at eleva- 
tion 724 ft, as contrasted to the other half as just described. 
This unequal condition is probably due to horizontal rotation of 
gas body resulting from tangential firing. The firing retation is 
counterclockwise looking down so that the ash coverage is on the 
side of approaching flow, while the clean side is that from which 
flow isreceding. 3 Fig. 17(c) and isothermals indicate relatively 
clean wall tubes and high absorption with the flame from the 
upper burner visible. 4 Fig. 17(d) and isothermals show con- 
siderable ash coverage and correspondingly low absorption in the 
upper foreground with lesser amount of ash coverage beyond. 
The agreement here is particularly good. 5 Fig. 17(e) and 
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isothermals both indicate considerable ash coverage, and zone of 
dark patches of ash correspond well with the low AT island 
where the 6 F value is shown. 6 Fig. 17(f) and isothermals 
again show ash at the same elevation as viewed previously from 
the other side. The agreement is again good with cleaner sur- 
face and higher absorption indicated in the immediate foreground, 
and more ash with lower absorption farther away until the view is 
obscured by haze in the region of heavy ash noted in viewing 
from the other side. 

Another interesting and revealing analysis of the tube- 
temperature data is shown in Figs. 18 to 22, inclusive. In these 
the average AT’ for each level of thermocouple groups is plotted 
against furnace elevation to provide a heat-absorption ‘‘contour”’ 
for the four walls at various elevations. 

Fig. 18 shows the level average AT values for various heat 
inputs, all other factors such as cleanliness, burner position, and 
excess air being unchanged. It is noted that a band of reduced 
absorption at about 35 ft is indicated for the high-rating test 
(No. 18), indicating a slagged condition. This is also apparent 
in the isothermal study of Fig. 15 for this test. A lesser amount 
of ash covering at this same level is noted for the intermediate 
rating test (No. 19). The low-rating test (No. 21) shows no 
pronounced level of ash covering to influence effective heat ab- 
sorption. It is noted that the intermediate and low-rating 
tests show about the same A7’ values at the burner level and 
slightly above. This may indicate that the area actively swept 
by flame from the burners is not subject to appreciable reduction 
in absorption rate below a certain rating level. It is hoped that 
this condition can be explored further to confirm this possibility. 

The effect of variation in burner-nozzle position on level aver- 
age AT is clearly shown in Fig. 19 which covers four tests (Nos. 
2, 3, 4, and 10), which are at similar rating, and in which wall 
blowers were not operated before each test. The extremely high 
AT values for test No. 3 in the hopper area at the 5-ft level with all 
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Fig. 17 Furnace Watt Views TAKEN DuRING TEST No. 19 


(a, Front wall, looking from left, elevation 724 ft; 6, front wall, looking 

from right, elevation 724 ft; c, left wall, looking from rear, elevation 689 

ft; d, right wall, looking from rear, elevation 689 ft; e, front wall, looking 

from left, elevation 679 ft; /, front ra looking from right, elevation 679 
t. 


burners tilted 30 deg downward is of considerable surprise. The 
effect of ash coverage at the 17-ft level, and a secondary high- 
absorption level at the 27-ft level and rapidly diminishing rate in 
the upper portion of the furnace show the compensating influences 
which tend to influence the over-all absorption value. The two 
tests (Nos. 4 and 10) with horizontal burners show similar charac- 
teristics, as would be expected, but with some noticeable differ- 
ences due to extent and location of ash coverage. The other ex- 
treme, test No. 2, with all burners tilted 30 deg upward, shows a 
marked difference in level average A7’ pattern but also is free of 
the more heavily slagged areas in the lower portion of the furnace. 
It should be noted that for dirty-wall tests, as shown, the ef- 
fect of burner position on level average AZ’ values is most pro- 
nounced, but the over-all result is of a much more uniform nature. 

The effect of burner-nozzle position variation on level AT 
for clean furnace walls is shown in Fig. 20. In general, the ef- 
fect is similar to that for the dirty-wall operation except that 
heavily slagged levels are less in evidence. The improvement in 
over-all and local absorption characteristics with all burners down 
30 deg (test No. 15), and with the lower-level burners down 30 deg 
(test No. 14), is clearly evident. Further improvement in 
“equalizing” the pattern of heat absorption in furnaces is to be 
desired and the tilting burner can be a material aid in studying 
this problem and in producing a degree of uniformity. 

The significance of excess-air variation on furnace performance 
was explored and results are shown in Fig. 21. It will be noted 
that the low and intermediate excess-air tests (Nos. 20 and 19) 
show a slagged-zone effect at the 35-ft level, while the high excess- 
air test (No. 17) shows no such condition. Asa result, the total 
absorption for the high air test was about equal to that for the 
intermediate air test. This fact is not always recognized by 
designers in their effort to obtain “apparent”? improvement in 
furnace performance by reducing excess air for dry-ash units. 
It is likely that extended operation for the extreme low excess-air 
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condition would result in more slag accumulation and consequent 
reduction in absorption level below that indicated here. 

Another study of level average AT values is shown in Fig. 22 
in which case a single test (No. 14) is analyzed to determine the 
variation in cleanliness with time, as indicated. In this test, the 
upper burners were horizontal and the lower ones tilted 30 deg 
downward which accounts for the relatively high AT values in the 
hopper zone. It is noted that the hopper zone, just below the ac- 
tive flame path of the lower burners, and the upper zone at the 
35-ft level, above the flame path of the upper burners, are both 
subject to appreciable variation in cleanliness and corresponding 
AT values. The intermediate zone, from the 18 to the 30-ft 
level, in the flame paths is not influenced materially and this 
may be due to the sweeping action of the flame preventing ash 
deposition and accumulation beyond a stable limit. This “sweep- 
ing” action of the flame over the wall tubes and the apparent 
beneficial effect in stabilizing absorption in the affected area at a 
reasonably high level may well warrant much careful study and 
investigation. An extension of this principle to a substantial 
portion of the furnace surface would likely be most effective if 
the practical details of its accomplishment could be worked out 
properly. 

A yet more detailed analysis of test No. 14 is shown in Fig. 23 
in which the level average AT values are plotted directly from 
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the recorder-chart data. Actually, the plot represents “faired” 
averages of the chart data so as better to visualize the trends. 
Again, it is seen that ash accumulations are reducing the absorp- 
tion efficiency at the 664-ft and 669-ft levels which are well down 
in the hopper and somewhat below the direct flame path from 
the lower burners, and at the 698-ft level, which is slightly above 
the flame path of the upper burners. The 680-ft and 690-ft 
levels, more in the direct flame path, retain their high absorption 
level fairly well. This is more clearly indicative of the tendency 
for slag to deposit and accumulate just outside the turbulent- 
flame path, while a beneficial sweeping action appears to maip- 
tain cleanliness in the direct flame path. The data cover about 
10 hr of operation, and it may be that further operation without 
additional wall cleaning may modify these indicated conditions. 
The upper part of the furnace is seen to be reasonably stable, 
as would be expected, while the over-all furnace average A7’ is 
decreasing to reflect the marked drop in efficiency of the areas af- 
fected by slag. 

An interesting portrayal of the over-all average AT’ values is 
shown in Fig. 24 in which they are plotted against total heat 
available, above 80 F. The furnace-wall cleanliness conditions 
and burner-nozzle positions are indicated to add to the descrip- 
tive value of the plot. The letter designations for the various 
points refer to the various test series, as described. The data 
indicate primarily the substantial effect of burner-nozzle tilting 
and the benefits of downward tilting for this particular unit. 
The expected long-range effect of furnace-tube ‘‘aging,” and 
eonsequent loss of absorption efficiency, is not the least bit in 
evidence from a study of these data, although such effect might 
well be obscured by internal tube fouling which would produce 
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abnormally high tube-metal temperatures. The effect of rating, 
or heat input, is clearly evident although more confirming points 
at the high and low extremes are needed to establish a more firm 
basis for this characteristic. The furnace cleanliness conditions 
produce a marked effect on over-all absorption but probably not 
as great as might be expected primarily due to the powerful 
“equalizing” effect of radiant heat throughout the entire furnace. 

Any attempt to calculate a furnace efficiency from the data 
obtained is of course subject to many possible errors of both con- 
stant and variable nature. The AZ’ values are subject to pos- 
sible variation with age of thermocouple leads, with variation in 
inside tube cleanliness condition and with variation in inside-film 
conductance. Along with these are the factors of proper selec- 
tion of equivalent furnace surface, weighting of thermocouple 
data with respect to surface and the partial circumferential dis- 
tortion of heat flow through cylindrical tubes on close centers 
and with nonuniform radial heat flow. 
set of comparative figures be made available for study, we have 
assumed a number of factors and calculated others to arrive at 
an efficiency value on the following basis: 


U metal® = 1040 Btu/ft®, hr, F (calc.) (referred to tube OD) 
U film = 5000 Btu/ft?, hr, F (assumed) (referred totubeOD) 
U over-all = 860 Btu/ft®, hr, F (cale.) (referred to tube OD) 


* Tube OD = 3in.; ID = 2.40in.; K = 348 Btu/ft2hr/in. 


S = 64380 sq ft (measured projected furnace surface) 


AT = average furnace center-line thermocouple temperature 
difference 

Total furnace heat absorption = 
per hr 

The furnace efficiency then becomes 


US AT = 5,500,000-AT Btu 


5,500,000 AT 


Efficiency = ——~—_—— 
heat available 


x 100 


Table 3 gives the calculated efficiency on this basis for all the 
tests reported herein. These efficiency figures can be compared 
with those obtained from other means of testing, particularly 


However, in order thata | 
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the furnace-exit-gas-temperature survey. Such comparisons 
should be carefully judged to take into account the possible 
sources of error in both determinations Serious consideration 


TABLE 3 CALCULATED EFFICIENCY FOR TESTS 


Test -- Heat available, Avg AT, Heat absorbed, Efficiency, 

no. MKB/hr F MKB/hr per Gout 
1 532 42 231 43.4 
2 494 36 198 40.0 
3 476 41 225 47.3 
4 489 41 225 46.0 
11 506 38.1 210 41.5 
12 458 37.8 208 45.4 
13 495 37.7 208 42.0 
14 480 45.6 251 52.3 
15 474 46.5 256 54.0 
ive 483 40.2 221 45.8 
18 597 48.2 265 44.4 
19 459 39.8 219 47.8 
20 472 41.8 230 48.7 
21 343 35.7 197 57.4 


should be given to acid cleaning the boiler prior to each testing 
period so as to reduce substantially the possible great variation 
in tube temperatures resulting from variable internal tube foul- 
ing. 


CONCLUSIONS 


The following statements are made as tentative conclusions 
and should be recognized as being based on a limited amount of 
data covering performance of a single specific boiler furnace. The 
performance of other furnaces, or this furnace under other condi- 
tions not explored as yet, may serve to modify or to refute such 
conclusions. However, these are drawn with the purpose of 
presenting a positive viewpoint based on the limited facts at hand 
so that further investigation and possible controversy will be 
stimulated by differences in opinion or judgment. 

The variation in furnace-wall-tube absorption, as determined 
by tube-temperature measurement, shows over-all heat absorp- 
tion to be influenced materially by (a) rating, (b) ash accumula- 
tion, (c) flame position, and (d) excess air for combustion. All 
four were investigated and the rating, flame position, and excess 
air are directly controllable while the ash accumulation on wall 
tubes can be controlled indirectly to some extent by the use of 
furnace-wall soot blowers. 

A study of the furnace-wall heat-absorption data and iso- 
therms, which are plots of the wall-tube temperatures above 
saturation base, indicates some interesting conditions which are 
described briefly, as follows: 


(a) High absorption rates are attained in the path of burner 
flame, as would be expected. This could be demonstrated un- 
mistakably and adjusted, as desired, by varying the vertical tilt 
of the burner nozzles. 

(b) The heat-absorption rate in the burner zone is quite ir- 
regular as influenced by periodic accumulation and shedding of 
ash on the tubes in this area. The effect of this condition on 
over-all furnace performance is rather small due to the great 
diversity in period and magnitude of the action. 

(c) The tests with various excess-air levels indicate greater 
furnace-wall absorption stability at high excess air, although 
highest furnace efficiency would probablyebe obtained with low 
excess air and periodic wall cleaning to remove the ash and slag 
deposits which form more readily. . 

The illustrations and descriptions of furnace-wall isotherms 
and the other analyses of the test data are probably only of pass- 
ing interest to many who may feel that the conditions shown are 
“normal.” To some it may appear that they are more favorable 
than was suspected. However, the extreme variation in AT’ val- 
ues, both high and low, and their variable position as influenced 
by flame position should be of significance and concern to the 
furnace designer. Variation in AT’ values of 10:1 or 15:1 magni- 
tude for a given thermocouple (see points 3-8, 3-9, and 4-2 in 


Table 2), as influenced by flame position and ash coverage, are 
not conducive of highest furnace efficiency and indicate the 
desirability of further study and better understanding of these 
effects. 

The data indicate and illustrate the considerable extent of 
local instability of furnace-wall conditions. While these local 
effects are of great magnitude, they also are sufficiently diver- 
sified both as to period and location that their combined effect is 
considerably neutralized. 

In general, it is concluded that the tube-metal temperatures, 
as measured, do give a reasonably good representation of rela- 
tive heat-absorption rates throughout the furnace, and such in- 
formation can be of considerable value in analyzing details of 
furnace geometry, burner design and location, slagging character- 
istics, and numerous other detailed considerations. 
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Appendix 


The fourth series of tests (Nos. 24, 25, and 26) were run to es- 
tablish further the effect of time on furnace-wall cleanliness both 
as to long-range effects and over short periods, say several days. 
Test No. 24 was a maximum-load run without wall cleaning to 
establish this condition in relation to earlier tests. Test No. 25 
was a 60-hr continuous test run at maximum load with furnace 
walls cleaned just prior to the tests. The data have been broken 
down into five short periods during the main test and correspond- 
ing to those periods during which furnace-exit-gas temperature 
and composition data were taken. These tests are identified as 
follows: 


TRANSACTIONS OF THE ASME JULY, 1948 


566 
TABLE 4 SUMMARY OF OPERATING AND TEST DATA FOR FOURTH SERIES TESTS 
24 25k 258 256 25D 25 26 | 
ee soe 12/10/46 12/11/46 12/12/46 12/12/46 IEG 12/13/46 12/14/46 
Duration Houre 3 3-1/2 2-1/3 2-1/2 3 3 5 
Furnace Condition Dirty Cleaned - - - - Cleaned | 
No. Pulverizers in Operation iz 2 2 2 2 2 
No, Burners in Operation 8 8 8 8 8 8 . 
Upper Burners Inclination Deg 0 10) 0) (0) (0) (0) 
Lower Burners Inclination Deg ie} ) (0) 0 i) (e) 0 
ntegratorst 
: Steéa Flow, M lb/hr 525 468 505 503 511 511 412 
Feedwater Flow, M lb/hr 410 425 459 459 466 466 373 
Desup. Water Flow, M 1b,hbr 0 ie) 0 io} (0) 0 Q 
North Coal Scales, M lb/hr 26800 24750 23600 26300 25600 25100 17700 
South Coal Scales, @ 1b hr 26600 24350 26000 25000 24700 24100 21700 
Temperature Recorders: ‘i 
polars Steam, F 150 141 152 139 166 144 142 
Secondary Steam F 866 849 869 855 887 860 858 
Superheat leaving Desup., F 160 153 161 151 178 157 © 165 
Gas entering Preheater, 3 602 593 603 591 607 600 571 
Gas leaving N. ID Fan, F 322 309 322 313 298 291 296 
Gas leaving S. ID Fan, F 296 286 296 289 271 270 273 
Air leaving FD Fan, Fr 92 82 94 98 56 62 17 
Air entering Preheater, F 103 93 99 109 67 13 86 
Air leaving Preheater F 524 510 524 511 515 509 495 
Water entering Econ., F 373 365 370 369 314 314 356 
Water leaving Econm., F 476 470 416 412 482 417 461 
N, Pulverizer Coal-Air, F 138 140 145 147 148 148 149 
S. Pulverizer Coal-Air, F 146 449 151 153 154 149 143 
Excess Airt 
Economizer Outlet, % 15. 25 19 17 22 18 31 
Furnace Outlet 11.3 24.7 16,8 15.6 17.9: 16.8 28.3 
Indicatorses 
Steam Drum Pressure, psig 
Steam Main Pressure, paig 
SH. By-pass Demp. Opening 
Raw Coal Analysis: 
Heat Content (as rec'd), Btu/1b 
Heat Content (M&A Free), Btu/lb 
Moisture (as rec'd), ve 
Ash (as rec'd), v4 
Velatile (as rec'd) 
H (M&A Free), 
C (M&A Free), 
K (MAA Free), 
© (M&A Free),. 
S (M&A Free), 
4sh Temperatures: 
Initial Deformation, Fr 
Softening, F 
Fluid, F 
Pulverized Goa. nenesss 
Through No, 50 USS Sievs, % 
Through No, 100 USS Sieve, ® 
Through Wo, 200 USS Sieve 
Heat Input in Fuel, MKB /hr 
Heat Available to Furmace, MKB /br 5 
Avg. Furnace Exit Gas HVT, F 2015 1855 1925 1945 2025 2000 1865 
Avge Furnace Wall T¢ AT, Fr 52.1 48.7 51.6 51.3 50.5 52.2 41.04 
#* Goal for all tests: Meigs Creek (No. 9), Duncanwood Mine, Harrison County, Ohio 
Test no. Hours during 60-hr run which apply TABLE 6 CALCULATED FURNACE-ABSORPTION AND EFFI- 
25B 21 to 231 Test _ Heat available, Avg AT, MHeatabsorbed, Efficiency, 
25C 251/4 to Sy we re — MKB/hr per cent 
25D 45 Cols 24 611 52.1 287 47.0 
0) 25A 561 48.7 268 47.8 
25E 50) = to 63 25B 597 51.6 284 47.6 
25C 596 51.3 282 47.3 
: 3 25D 598 50.5 7 278 46.5 
Test No. 26 was a recheck test on earlier runs at the normal load ane 483 ated oe we 
condition with furnace walls cleaned. “ts 2 ee 47.2 
The operating data for the fourth series of tests are given. in An analysis of data taken during test No. 25 indicates no ap- 
Table 4 which follows the same pattern as Table 1. preciabie reduction in furnace efficiency over the 60-hr test 


The average AT’ values for all thermocouple readings at each period, and the apparent increase near the end of the test period is 
location are given in Table 5(on opposite page) which follows the somewhat disconcerting. The only evident reason for this may 
same arrangements as Table 2. be the great improvement in pulverized-coal fineness which was 

The calculated furnace absorption and efficiency data, corre- registered for this part of the run and which can be attributed in 
sponding to Table 3, are given in Table 6. whole, or part, to lower moisture content of the fuel. 
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CENTER-LINE THERMOCOUPLE AVERAGE TEMPERATURE DIFFERENTIALS FOR FOURTH SERIES TESTS 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


Il—Furnace Heat Absorption Efficiency as Shown by the Temperature, 
Composition, and Flow of Gases Leaving the Furnace’ 


By W. T. REID,? PAUL COHEN,? ann R. C. COREY 


- As part of an investigation of the factors affecting the 
performance of furnaces, the heat-absorption efficiency of 
the furnace of a pulverized-coal-fired dry-bottom steam 
boiler was determined from the sensible heat in the gases 
at the furnace outlet. The sensible heat was determined 
from the temperature of the gases, which was measured 
by traversing the furnace outlet with a high-velocity 
thermocouple, and from the quantity of gas leaving the 
furnace, which was computed from the composition of 
the gas and the rate of fuel firing. Data are given for the 
distribution at the furnace outlet of excess air, gas tem- 
perature, and mass flow. The effect on furnace heat- 
absorption efficiency is shown for variations in (a) the heat 
available in the furnace, (6) the excess air, (c) the angle of 
inclination of the burners, and (d) the condition of the 
furnace with respect to deposits of ash and slag on the 
heat-absorbing surfaces. The data of this investigation 
were correlated by a modified form of the Hudson-Orrok 
equation, which relates empirically the furnace heat- 
absorption efficiency to the weight of wet gases at the fur- 
nace outlet, per unit heat available in the furnace, and the 
heat available in the furnace per square foot of projected 
radiant heating surface. 


INTRODUCTION 


HIS paper summarizes four series of determinations of the 

furnace heat-absorption efficiency of a central-station 

pulverized-coal-fired steam-boiler furnace and presents 
the effects on furnace heat-absorption efficiency of variations of 
load, excess air, inclination of the burners, and cleanliness of the 
furnace. The unit studied is boiler No. 11 of the Tidd Station, 
Ohio Power Company, Brilliant, Ohio, a three-drum bent-tube 
boiler with a dry-bottom tangentially fired furnace with ver- 
tically adjustable burners. It is rated at 475,000 lb of steam per 
hr at 1375 psig and 925 F at the superheater outlet. The deter- 
minations of furnace heat-absorption efficiency were part of a 


1 Published by permission of the Director, Bureau of Mines, U. 8. 
Department of the Interior. 

2 Consulting Fuel Engineer, Bureau of Mines; Assistant Super- 
visor, Battelle Memorial Institute, Columbus, Ohio. Mem. ASME, 

3 Fuel Engineer, Combustion Research Section, Bureau of Mines, 
Pittsburgh, Pa. Mem. ASME. 

4 Supervising Engineer, Combustion Research Section, Bureau of 
Mines, Pittsburgh, Pa. Mert. ASME. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, Chi- 
cago, Ill., June 16-19, 1947, of Tae American Socipty or MEcHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


comprehensive investigation of this unit by the Special Research 
Committee on Furnace Performance Factors of the ASME and 
were made by the Combustion Research Section of the Bureau of 
Mines concurrently with the other studies reported in this sym- 
posium, as part of the Bureau of Mines co-operative research 
program with the Committee to study the effect of ash and slag on 
furnace performance. 
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Twenty-six tests were made to determine the furnace heat- 
absorption efficiency from the sensible-heat content in the gases 
leaving the furnace. The sensible heat was calculated from 
measurements of the temperature of the gases with a single-shield 
high-velocity thermocouple (HVT), and of the excess air of the 
gases with a Bailey oxygen recorder. The measurements were 
made at positions approximating the furnace outlet, within the 
available means of access to the furnace. In some of the tests, 
the velocity of the gases leaving the furnace was determined 
with a water-cooled double-impact Pitot tube. Complete records 
of the original data and calculations are in the Committee files, 
and therefore are not repeated here. However, complete de- 
tails of the test procedures, equipment, and methods of calcula- 
tion are presented with sufficient data to permit evaluation of the 
results. 


Meruops oF TEST AND CALCULATION 


Description of Furnace. Fig. 1 is a sectional elevation of the 
steam-generating unit, showing the general arrangement of 
the various components. 

The furnace is tangentially fired, with two burners in each 
corner, firing to a circle 2!/, ft in diam, each burner being individu- 
ally adjustable from an inclination of 30 deg downward to 30 


deg upward from the horizontal. Two ball-mill pulverizers 
supply the fuel, each mill supplying one burner in each of the 
four corners. The direction of rotation of the flame is shown 
schematically in Fig. 2. Each furnace wall consists of 3-in-OD 
bare tubes on 3!/;-in. centers and the roof of 3-in-OD finned 
tubes on 6-in. centers. The slag screen and the convectioa sur- 
face at the furnace outlet are 3-in-OD bare tubes on 91/2-in. 
centers and are so arranged with respect to the inspection doors 
available for inserting the test probes that some traverses had to 
be made behind the first row of tubes. The area of projected 
radiant heating surface in the furnace is 6480 sq ft, including the 
plane of the furnace outlet, which has a developed area of 672 sq 
ft. 

Location of Test Points. The elevation of the six test stations 
on the left or north side of the boiler is shown in Fig. 3 which 
is a sectional side arrangement from the lower drum to the top 
of the boiler. The right or south side of the boiler has test 
stations directly opposite and corresponding to those on the left 
side, with the exception of A and C, thus making a total of ten test 
stations. The right-side stations bear the same letter designa- ° 
tions as the corresponding left-side stations but are distinguished 
from the latter by the addition of the letter R. Fig. 4 is a plan 
view of the furnace, between the front wall and the last row of 
boiler tubes, showing the location of the test stations with re- 
spect to the front of the furnace, and the positions at which read- 
ings were taken. Positions on the right side of the farnace are 
distinguished from those on the left by primes. Because of its 
proximity to the wall, no readings were taken at position 1. 


Fig. 5 is a map of the developed furnace outlet area, as ob- 
served from the front wall, corresponding to two intersecting 
planes passing through the screen tubes, bounded on the sides by 
the side-wall tubes, on the top by the roof tubes, and on the bot- + 
tom by the rear-wall tubes. The furnace outlet is also shown by 
the heavy dashed line in Fig. 3. The developed furnace outlet 
is 31 ft high, 21 ft 8 in. wide, and has an area of 672 sq ft. 


Lquipment Used. The temperature of the gas at the indicated 
sampling positions was determined by means of one of three 
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single-shield high-velocity thermocouples mounted in a water- 
cooled support, the details of which are shown in Fig. 6. One of 
these units was equipped with a 22-gage platinum-rhodium ther- 
mocouple for temperature measurements at stations K and K-R, 
and the other two with 22-gage chromel-alumel thermocouples 
for measurements at the other stations where the temperatures 
were lower and within the permissible range of this material. 
Simultaneous readings of excess air and gas temperature were 
obtained by connecting the offtake of the high-velocity ther- 
mocouple to the Bailey oxygen recorder with which the boiler 
was equipped. The pump of this instrument produced higher 
rates of gas flow past the thermocouple junction than could be 
obtained with an air aspirator operating at the pressure availa- 
ble in the station service line. In addition to furnishing a 
simple means for maintaining the flow of gases required for the 
HVT, this expedient shortened the time required to make a test 
and assured that the gas temperature and composition were deter- 
mined under identical conditions. Frequent Orsat analyses of 
the gas entering the recorder indicated it to be entirely dependa- 
ble in all except one series of tests, and in that case the check 
analyses permitted correction of the observed data to a satis- 
factory degree of accuracy. 

The temperatures of the gases at the furnace exit, as deter- 
mined by the single-shield high-velocity thermocouple, HVT, 
require correction for two reasons, i.e., the mass velocity of the 
gas through the couple in these tests was about 5000 psf per hr, 
instead of the optimum mass velocity of 13,000 to 15,000 psf per 
hr; and even at the optimum mass velocity of the gases, the 
couple may indicate a temperature different from the true gas 
temperature, depending on the radiant heat-transfer character- 
istics of the environment. Mullikin® has shown that true gas 
temperatures are closely attained by the multiple-shield high- 
velocity thermocouple, MHVT, and has given a curve from 
which the necessary corrections may be obtained. 

Since the present corrections to the HYT data involved the 
additional factor of mass velocity, it was decided, after comple- 
tion of the regular series of tests, to make direct comparisons 
of the HVT and the MHVT in the Tidd furnace. These supple- 


5 “Gas Temperature Measurement and the High-Velocity Thermo- 
couple: Temperature, Its Measurement and Control,” by H. F, 
Mullikin, Rheinhold Publishing Corporation, New York, N. Y., 
1941, pp. 775-804. 
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mentary tests were made during the week of June 2, 1947, and the 
results were available too late to include in the presentation of the 
paper. However, the details of the test procedure and the re- 
sults are given in the discussion of this paper by F. G. Ely, who 
participated in the tests. It was found that the average tempera- 
tures of the gases at the furnace outlet, indicated by the HVT, 
were approximately 85 deg F too low. Calculations of the 
heat absorption in the furnace are reported for both the observed 
exit-gas temperatures with the HVT and for the observed exit- 
gas temperatures corrected by adding 85 deg F, and designated 
MHVT. However, all correlations made in the paper have been 
based on the corrected MHVT data. 

In the second series of tests, the velocity of the gas was deter- 
mined in the planes parallel to the side walls of the furnace for 
all odd-numbered sampling positions except No. 1. The water- 
cooled double-impact Pitot tube, shown in Fig. 7, was used for 
this purpose. The directions of the gas flow in planes parallel to 
the side walls of the furnace were found by rotating the axis of 
the Pitot tube until a maximum pressure difference was indi- 
cated, the angle being obtained from a dial mounted on the in- 
strument. Gas-velocity measurements also were made in the 
first series of tests, but only with the axis of the Pitot tube ia 
the horizontal direction. Subsequent analysis of the data showed 
this technique to be inadequate; therefore it was modified as de- 
scribed previously. 

Methods of Calculation. (a) Temperature and EHzxcess-Air 
Data. Because the sampling stations are limited to the access 
doors and therefore are not distributed uniformly over the fur- 
nace outlet area, a direct numerical average of the observations 
would give undue weight to some and insufficient weight to 
others. Therefore averages of the data were calculated accord- 
ing to the weighting key shown in Fig. 8, in which the furnace 
outlet area is divided into five vertical bands, numbered 1 to 5 
from left to right, and six horizontal strips designated Ki, Ko, 
A, C, D, and E from bottom to top, thus making 30 equal sec- 
tions. Fig. 8 also indicates the scheme followed in computing 
the average values of the variables for each section of the furnace 
outlet area. The values for temperature and excess air used in 
calculating the averages for the sections are those of the data 
from the corresponding stations, with the exceptions noted in 
Fig. 8. For example, the average for section No. 2 would be com- 
puted by giving unit weight to the data of positions:Nos.*5, 6, 7, 
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POSITIONS 2, 3,4, E 


STATIONS 
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and 8 of station # and one-half weight to position No. 9 of station 
E. This method serves not only to weight the data systematic- 
ally according to area, but also gives some idea of the spatial 
distribution of the values of gas temperature and excess air. 

(b) Velocity Data. The velocity data obtained in the second 
series of tests were treated in a similar manner to that just de- 
scribed, but the methods were more complicated and will not be 
described here. The report to the Committee on the second series 
of tests contains a complete review of this phase, including data 
and detailed summaries. The final results of the velocity cal- 
culations were values of the effective mass velocity, M, of the 
gases leaving the furnace, in pounds per square foot and second 
for each of the sections of the furnace-outlet area, which could be 
further treated in the same manner as the values of temperature 
and excess air for each of the sections. 

(c) Calculation of Heat Content of Gases Leaving the Furnace. 
Calculations of the sensible-heat content of the gases leaving the 
furnace were made from the average values of the temperature 
and excess-air data for the thirty sections of the furnace outlet. 
The total sensible-heat content of the gases leaving the furnace is 
obtained by multiplying the rate of coal feed F, lb of MAF coal 
per hr, by Hu, the sensible-heat content of the gases formed from 
the combustion of 1 lb of MAF coal for the “‘average’”’ conditions 
of temperature and excess air at the furnace outlet. The deriva- 
tions of the formulas used, and curves for ready calculation of the 
necessary quantities, are given in Appendix 1 of this paper. 

(d) Calculation of Heat Available, Heat Absorbed, and Heat- 
Absorption Efficiency in the Furnace. The heat available in the 
furnace was computed as the sum of the ‘“‘net” heat available in 
fuel fired, corrected for an average carbon loss of 0.8 per cent of 
the gross heating value of the fuel, plus the sensible-heat content 
of the preheated air entering the furnace. The latter was cal- 
culated in each test from the excess air at the furnace outlet and 
the temperature and moisture content of the preheated air. 
Allowance was made for 10 per cent air infiltration to the furnace 


and for calculated values of air leakage to the pulverizers, as 
well as tempering air. A further correction was made for radia- 
tion losses from the furnace, equal to one half the radiation 
loss for the whole unit; this was taken for all tests as 0.2 per 
cent of the gross heating value of the fuel fired. 

The heat absorbed is the difference between the net heat 
available in the furnace and that carried out as sensible heat in the 
gases at the furnace outlet, and the furnace heat-absorption ef- 
ficiency is expressed as the percentage of the net heat availa- 
ble in the furnace that is absorbed in the furnace. The net 
heat available in the furnace and the heat absorption in the fur- 
nace are calculated in terms of unit furnace area by dividing by 
6430 sq ft, the projected radiant heating surface of the furnace. 
The details of these calculations are given in Appendix 2. 


Summary or TrEst ConDITIONS AND RESULTS 


The operating data and the results obtained in the four series 
of tests are summarized in Tables 1, 2, 3, and 4. For each test 
there are given the operating conditions; the proximate analysis 
of the fuel, including heating value and ash-softening tempera- 
ture; the average HVT and MHVT gas temperature, and the 
excess air at the furnace outlet; the calculated values of heat 
available in the furnace; weight of wet gases and sensible heat at 
the furnace outlet; heat absorbed in the furnace; and furnace 
heat-absorption efficiency. Wherever pertinent, the data are 
expressed on the basis of HVT and MHVT temperatures. 

First Series, Tests Nos. 1, 2, 3,and 4. The boiler was placed in 
operation on September 25, 1945, and thereafter was operated 
without cleaning of the furnace until after the completion of the 
first series of tests, made during the week of December 17, 1945. 
It may be assumed that after operating for a period of 8 months 
without cleaning, the furnace walls were quite dirty. The four 
tests of this series, Nos. 1, 2, 3, and 4, were planned to deter- 
mine the effect of the inclination of the burners on furnace heat- 
absorption efficiency for this condition of the furnace walls, and 
for a steam flow of about 420,000 lb per hr, and excess air of 30 
per cent at the economizer outlet. The data are summarized in 
Table 1. 

The test technique in this first series was incomplete and not 
comparable with later tests. No data were obtained at stations 
K and K-R, but the velocities of the gases were determined at the 
test positions across the furnace by the method previously de- 
scribed. The heat content of the gases leaving the furnace, 
calculated from the velocity data, averaged only 29 per cent of the 
heat content calculated from the rate of fuel firing. This was 
attributed in part to the methods used for the velocity measure- 
ments, but mostly to the failure to make observations at stations 
K and K-R, and to the use of too small a value for the area of the 
furnace outlet. Although not ideally located in the furnace, 
stations K and K-R therefore were established and included in 
the tests of the subsequent series. 

Item 29 of Table 1 reveals that the furnace heat-absorption ef- 
ficiency, based upon MHVT temperatures, varied in the expected 
manner from the indicated value of 50.9 per ceat for test No. 3, 
in which all burners were inclined at —30 deg, to 44.3 per cent for 
test No. 2, in which all burners were inclined at +30 deg. Of the 
two tests made with the burners horizontal, the result of test No. 
4, with an indicated furnace heat-absorption efficiency of 50.4 
per cent, seems to be high, and that of test No. 1, 46.1 per cent, 
seems to be low, compared to the values for the other burner set- 
tings. It is apparent that these data cannot yield even true 
relative values of furnace heat-absorption efficiency; the ratios 
between the furnace heat-absorption efficiencies given in Table 1 
and the true values for each particular test must be expected to 
vary with the angle of inclination of the burners. In a later part 
of this paper a method is given whereby an approximation to the 
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SUMMARY OF TEST CONDITIONS AND RESULTS.* FIRST SERIES, TESTS NOS. 1, 2, 3, 


AND 4 
4 

TP Pend WUMDEL. 00% <0 Set RA Ww tle S05 oles, 8h iN aN era ers 1 i. aw se > 3 

2 ee aE at ne era, Satu ESI SS Mo 12-18-45 12-19-45 12-20-45 12-21-45 

Sten ee, Ibpar knee ac vie 446,000 411,000 405,000 419,000 

4 Rate of fuel firing, as fired, weight Ib per hr...... 6... see ee 44,700 43,090 peste bine 

5 Inclination of burners Upper. cca. 0 +30 as : 

6 from horizontal, degrees j Lower... : : 0 30 Duet Dirty} 

7 Condition of furnace walls... ccc. eee ee eee eee eee eee Dirty Dirty ir 4 ir ¥ 

8 Excess air at economizer outlet, per cent... 6... cee eee eee 0 

Coal, proximate analysis, per cent as fired a d 

Q WA GIStU Te ic cil ca Sian Ripe hie hens 09 agen Ns: RIN 6 S06 RR Ree EEN 8.0 9.5 en net 
10 Volatile matter. 0.6... ese ee eee eee eee eset ee eee eens MH 3 ri 2 Rear bed 
a Aer MRE eR tek ae 25 1dst 851 
IS Bo per Ib, ag fred sc. nde See wwe sa ees cee we ee 11,400 ,02 0, 5 
14 Ash-cone i ergata inch is woes cad Manin Oe Sone “ern me wos et 
15 Temperature of preheated air, Poo... 6. ee eee re 6 
16 Heat available in furnace © \ KB per Drs oc ashiecasis va pam enh as 532,000 494,000 475,000 490,000 
17 EB per brand fo%. 25. «ccs weer ce Sie bbe ss ae 
18 Excess air at furnace outlet, par cent........ 6.66 eee eee 2 2 2 
19 Average temperature of gases \ aT Sierene's 1,920 1,97 1,780 1,785 
20 at furnace outlet, F. MEViIk< <> _ 2,005 2,055 1,865 1,870 
21 Weight wet gases at furnace outlet, Ib per hr..... 6.6... 532,000 494,000 468,000 486,000 
22 =Total sensible heat in wet gases TEV 273,000 262,000 221,000 230,000 


23 at furnace outlet, kB per hr 
24 Heat absorbed in furnace, 
25 kB per hr 

26 Heat absorbed in furnace, 

27 kB per hr and ft* 

28 Furnace heat-absorption 

29 efficiency, per cent 


JMHVT 287,000 275,000 233,000 243,000 
2. 


40.3 36.1 39.5 40.4 
38.1 34.1 37.6 38.4 
48.7 47.0 53.5 53.1 
46.1 44.3 50.9 50.4 


® No data taken at stations K and K-R; not comparable with other tests. : 
d Furnace had not been cleaned for several months prior to test, and was not cleaned during course of tests. 
© Corrected for radiation and carbon loss, infiltration of air to furnace, and leakage of air to pulverizer. 


true furnace heat-absorption efficiencies forthese tests is obtained. 

Second Series, Tests Nos. 10, 11, 18, 14, and 15. The second 
series of five tests were made during the week of February 25, 
1946, and are summarized in Table 2. Again, the primary pur- 
pose of the tests of this series was to determine the effect of the 
inclination of the burners on furnace heat-ahsorption efficiency 
for much the same conditions of heat release, and excess air at 
the economizer outlet, as oecurred in the first series of tests, but 
in this case for a clean furnace. Except in the case of test No. 
10, the first in the series, which was intended to serve as a link 
between the first and second series of tests, each test was pre- 
ceded by a complete cycle of furnace-cleaning operations. The 
burner arrangements studied included all those of the first series 
with the addition of a test wherein the upper burners were hori- 
zontal and the lower burners were inclined at —30 deg. As 
noted in Table 2, it was not possible to obtain complete data for 


test No. 13, with all burners inclined at +30 deg; therefore the 
results for that test were calculated on the same basis used for 
tests Nos. 1 to 4 of the first series. 

Comparison of the calculated furnace heat-absorption efficien- 
cies, item 29 of Table 2, which are based upon MHVT tempera- 
tures, reveals that with the exception of test No. 13, the results 
obtained are in the proper qualitative relationship. Tests Nos. 


10 and 11 are not comparable because of a considerable difference 


in heat-release rates. 

The relationship of the furnace heat-absorption efficiencies to 
the inclination of the burners for the 9 tests of the first and sec- 
ond series is shown graphically in Fig. 9. In this figure the ob- 
served furnace heat-absorption efficiency (MHVT) for each test is 
plotted against the angle of inclination of the burners; test No. 
14, upper burners horizontal, lower burners inclined at —30 deg, 
has been plotted arbitrarily at —15 deg. In each ease are indi- 


TABLE 2 SUMMARY OF TEST CONDITIONS AND RESULTS. SECOND SERIES, TESTS NOS. 10, 11, 


13, 14, AND 15 
Oe POSh RUMD ED eC Ree aes ert a coe Reece oon 10 11 13¢ 14 15 
eS PO Son Seen £85 oy 5 sistas Gasca bee seers 2-26-46 2-27-46 2-28-46 3-1-46 3-2-46 
3 Steam flow, lb [oS Dios Sno 5 OME NO Des CO Noon ae 421,000 396,000 414,000 424,000 426,000 
4 Rate of fuel firing, as fired weight, lb per hr............. 44,650 41,500 41,500 41,200 40,800 
5 Inclination of burners Upper..... 0 0 +30 £.0 30 
6 from horizontal, degrees. Lower..... 0 mo +30 —30 —30 
Ta Conaition of Furman walls. kan wx 9.00 eee eon See Dirty® Clean¢ Clean¢ Clean? Clean? 
8 Excess air at economizer outlet, per cent............... 29 30 28 27 26 
: Cal pouase analysis, per cent as fired 
Moisture Sen sons hic wie cect Sha Pisacct oe ears 9.6 10. 
10 Vols Glee tiers ce oot tec. cu kn aay cae 33143310? 344 
, 11 Bixed ear bow sess so Foor whee a dite le kei on 43.7 42.9 46.2 44.4 44.1 
12 tT enor a Sich © AU rear aor ie a eR ee Set tert 13.3 13.3 10.7 12.3 12.7 
1S Sie Ner Ib sas nred Geen oes ee no ee, ae ee ee 10,910 10,680 11,510 11,280 11,230 


14 Ash-cone softening temperature, F............. 
15 Temperature of preheated air, F....... 
16 Heat available in furnace@\kB per hr 
17 JKB per hr and ft?...... 


18 Excess air at furnace outlet, per cent.................0. 24 28 26 26 26 
lg Average temperature of gases VELVER SS 1,930 1,820 1,730 1,745 ud 665 
20 __atfurnace outlet, F /MHYT 2,015 1905 1,815 42830  1°750 
21 Weight wet gases at furnace outlet, lb per hr..........., 498,000 468,000 494/000 478000 4727000 
22 Total sensible heat in wet gases HVT.... 259,000 227,000 226/000 221/000 207'000 
23 __at furnace outlet, KB per hr ; MHVT.. 272,000 239,000 238/000 233/000 219'000 
24 Heat absorbed in furnace, tet TAS oth +See 246,000 231,000 269/000 259,000 266/000 
25 kBperhr MHVT che ec cgs 233,000 219,000 257,000 2477000 254'000 
26 Heat absorbed in furnace, HVE occ 38.3 35.9 41.8 40.3 41.4 
27 _ kB per hrand ft? _ MHVT..... 36.2 34.1 40.0 38.4 15 
28 Furnace heat-absorption VELV Deere 48.7 50.4 54.3 54.0 aes 
29 efficiency, per cent fMHVT..... 46.1 47.8 51.9 51.5 33:7 


* No data taken at stations K and K-R; this test calculated on same basis as tests Nos, 1-4, 


> Furnace had not been cleaned for several days prio 


r to test. 


¢ Furnace blowers operated for one hour, just prior to test. e 
@ Corrected for radiation and carbon loss, infiltration of air to furnace, and leakage of air to pulverizer 
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cated the test number, condition of the furnace, and extent of the 
survey on which the calculation was based. It is apparent 
that these data are of little value in the form in which they have 
been plotted in Fig. 9. In a subsequent part of this paper 
it will be shown, however, that when these data are corrected to a 
uniform basis, they give a fair representation of the effect of the 
angle of inclination of the burners on furnace heat-absorption ef- 
ficiency. ‘ 


LEGEND 


Dirty turnace 
Clean furnace 
Complete survey 
Incomplete survey 

+10 


ANGLE OF INCLINATION OF BURNERS FROM HORIZONTAL, DEGREES 


FURNACE HEAT-ABSORPTION EFFICIENCY, PERCENT (MHVT) 


Fie. 9 Osservep Furnace Herat-ABsorPTION EFFICIBNCY FOR 
VARYING INCLINATION OF BURNERS 


(Average steam flow, all tests, 418,000 lb per hr. Average excess air at 
economizer outlet, all tests, 29 per cent.) 


Third Series, Tests Nos. 17A,'17B, 18A, 18B, 19A, 19B, 204A, 
20B, 21A, and 21B. The third series of tests was made during 
the week of June 5, 1946, to determine the effect of boiler rating 
and excess air on the heat-absorption efficiency of the clean fur- 
nace. By making two complete surveys each day, one in the 
morning directly after the furnace-cleaning operations, and the 
other in the afternoon, without further cleaning, the effect of this 
short time interval on furnace heat absorption could be noted. 
To isolate the variables, one group of tests, Nos. 17, 19, and 20, 
were made at an approximately constant steam flow of 420,000 Ib 
per hr, but with excess air at the economizer outlet varying from 
36 to 20 per cent. The other group was made at approximately 
constant excess air at the economizer outlet of 28 per cent, and 
steam flow varying from 315,000 to 523,000 lb per hr. The 
burners were horizontal in all the tests of this series. 

The test conditions and results are summarized in Table 3; the 
morning surveys are designated by the letter A, the afternoon sur- 
veys by the letter B. The furnace heat-absorption efficiencies 
for the tests with varying excess air and constant steam flow are 
plotted in Fig. 10; those of the tests at constant excess air and 
varying steam flow are plotted in Fig. 11. The lines connecting 
the points on these plots are dashed rather than full, to indicate 
that the relationships they imply probably do not correspond to 
uniform conditions of the furnace walls. 

Fig. 10 indicates a decrease in furnace heat-absorption ef- 
ficiency for both the morning and afternoon tests of about 1.9 
per cent for an increase in excess air from 20 to 28 per cent at an 
average steam flow of 420,000 lb per hr. Fig. 11 shows that at 
28 per cent excess air, there is a decrease of 2.8 per cent in the 
furnace heat-absorption efficiency for the morning tests for each 
100,000 Ib per hr increase in steam flow; the average change 
for the afternoon tests is about 2.1 per cent for each 100,000 lb 
per hr increase in steam flow, but the curve has a different form. 

The most striking feature of the results of these tests is the 
considerable variation in furnace heat-absorption efficiency be- 
tween the morning and afternoon surveys of some of these tests. 


TABLE 3 SUMMARY OF TEST CONDITIONS AND RESULTS. THIRD SERIES, TESTS NOS. 174, 17B, 18A, 18B, 19A, 19B, 20A, 20B, 21A, AND 21B 


21Bd 
6-8-46 


426,000 419,000 315,000 316,000 
28,550 


21A¢ 


6-8-46 
27,830 


20Be 
6-7-46 
38,710 


20A4 
6-7-46 
38,500 


19B> 
6-6-46 
414,000 
38,050 


19A¢ 


6-6-46 
38,320 


18Be 


6-5-46 
49,330 


523,000 518,000° 417,000 
49,490 


18A¢ 
6-546 


17B> 
6-4—46 
422,000 
39,040 


17A¢ 
6-4-46 
40,190 


420,000 
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infiltration of air to furnace, and leakage of air to pulverizer, 
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ately 1:00 p.m, to 8:30 p.m, 
arbon loss, 


nately 8:30 a.m, to 11:00 a.m. 
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ted for radiation and o 
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52 


oO 
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Afternoon DS 


PERCENT (MHVT) 
> 
0 


46 


FURNACE HEAT-ABSORPTION EFFICIENCY, 


44 
16 20 24 28 32 36 40 
EXCESS AIR, PERCENT 
Test Steam flow, 1/ Excess air,1/ Furnace heat-absorption 
No. pounds per hour percent efficiency, percent 
17A 420,000 36 45.3 
17B 422,000 36 45.7 
19A 417,000 28 50.0 
19B 414,000 28 474 
20A 426,000 20 51.9 
20B 419,000 18 49.8 


_1/ Average of panel-board data for test period 


Furnace Hzat-Assorption Er- 
MHVT 


Fie. 10 Revation BerwEeEen 
FICIENCY AND Excess Arr at Constant Stream Fiow; 


Excepting test No. 17, for which the opposite effect was obtained, 
the furnace heat-absorption efficiencies in the afternoon were 
lower than those of the morning tests, by 0.6 to 2.6 per cent. 
These variations are considerable, especially in view of the short 
time elapsing between the two tests made each day. They 
prompted further study of the effect of the accumulation of ash 
and slag on the efficiency of furnace heat absorption. 

Fourth Series, Tests Nos. 24, 25A, 25B, 25C, 26D, 26E, and 26. 
The test conditions and results of the fourth series of tests are 
summarized in Table 4. These tests were made during the week 
of December 9, 1946, and were planned to determine the effect 
on furnace heat-absorption efficiency of the gradual accumulation 
of ash on the walls of the originally clean furnace, other factors 
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Morning 
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Sy 


Afternoon Ve 


FURNACE HEAT-ABSORPTION EFFICIENCY, 
PERCENT (MHVT) 
nh uo 
@ oO 


tks 340 380 420 460 500 540 
STEAM FLOW, 1,000 POUNDS PER HOUR 

Test Steam flow, 1/ Excess air, 1/ Furnace heat-absorption 

No. pounds per hour percent efficiency, percent 

18A 523,000 28 46.8 

18B 518,000 29 46.2 

19A 417,000 28 50.0 

19B 414,000 28 474 

21A 315,000 28 52.7 

21B 316,000 28 50.4 


_1/ Average of panel board data for test period 


Fig. 11 Reuation Between Furnace Heat-ApsorpPTion Er- 
FICIENCY AND STEAM Friow at Constant Excess Air; MHVT 


remaining constant. To accelerate the deposition of ash on the 
furnace walls, the boiler was operated at a high rating of about 
510,000 lb of steam per hr; the excess air at the economizer outlet 
varied considerably in these tests from the desired value of 20 
per cent. All burners were horizontal. For reference purposes, 
test No. 24 was made with a dirty furnace but otherwise with 
operating conditions the same as those that followed. Test No. 
25, the significant test of this series, was started at noon on 
December 11, and continued for 60 hrs until midnight on Decem- 
ber 13. Test surveys were made between 1:00 and 4:00 p.m. 
on December 11, (25A); between 9:00 and 11:00 a.m., and 
1:30 and 3:30 p.m. on December 12, (25B and 25C, respec- 
tively); and between 9:00 and 12:00 a.m. and 2:00 and 5:00 


SUMMARY OF TEST CONDITIONS AND RESULTS. FOURTH SERIES, TESTS NOS. 24, 25A, 25B, 25C, 


25D, 25E, AND 26 


TABLE 4 

ie Pestanumberscccrsmn aor seme eorters pects esiere 24 

ZR DALC ot ete ee Clee ee ieee oreo earn nena eirarete Biaees 12-10-46 

doteam fown,lb;persnre emi ome en ine 527,000 

4 Rate of fuel firing, as fired weight, lb per hr 53,400 

5 Inclination of burners Upper. 

6 from horizontal, degrees{fLower........... 

7 Condition of furnace walls.................. Dirty/s 

8 Excess air at economizer outlet, per cent..... 15 

Coal, proximate analysis, per cent as fired 

9 Moisture: sacchari cosets tnt nteetern sisi 10.0 
10 Volatile*mattersaseocterornc Ser ne onere saree 33.2 
11 Wixe@d) Carboue tee ae relent terrane ev ese cise 45.3 
12 7 Et WS ree o TCA ES Gh IE Dee Eee 11.5 
134, Btu. perlb, as: fred merase ree nee ores 11,130 
14 Ash-cone softening temperature, F........... 2,210 
15 Temperature of preheated air, F............. 529 
16 Heat available in furnace/|kB per hr........ 612,000 
17 kB per hr and ft?. . 95.2 
18 Excess air at furnace outlet, per cent......... noe 
19 Average temperature of gases at fur-| HVT... 2,015 
20 nace outlet, F MHVT 2,100 
21 Weight wet gases at furnace outlet, lb per hr.. 550,000 
22 Total sensible heat in wet gases at fur-| HVT. 302,000 
23 nace outlet, kB per hr MHVT 315,000 
24 Heat absorbed in furnace, G4 V Lewaapyocte sess: 310,000 
25 kB per hr MHVT . t 297,000 
26 Heat absorbed in furnace,\HVT. pace 48.2 
27 kB per hr and ft? MUENAU. cmat ome 46.2 
28 Furnace ag Spe iens Ans NS Gb eae oes 50.7 
29 efficiency, per cent IVETE Vihirewnvetonecve. soe 48.5 


Start of 60-hr test; test period 1 to 4 p.m. 

Test period, 9 to 11 a.m. 

Test period, 1:30 to 3:30 p.m. 

Test period, $:00 to 12:00 a.m. 

Test period, 2:00 to 5:00 p.m.; end of 60-hr test. 

f Furnace not cleaned; walls very dirty. : 

9 Cleaned by furnace blowers and hand lancing, prior to test. 
h Not cleaned since start of 60-hr test. 

i Cleaned by furnace blowers and hand lancing, prior to test 


cs kRaee 


25A% 25Bd 25C¢ 25D4 25E¢ 26 
12-11-46 12-12-46 12-12-46 12+13-46 12-13-46 12-14-46 
468,000 505,000 503,000 511,000 511,000 411,000 
49,100 49,600 51,200 50,300 49,200 39,400 
0 0 0 0 0 0 

0 0 0 0 0 
Clean? Not Not Not Not Cleant 

Cleanh Cleanh Cleanh Clean’ 
25 19 17. 22 18 31 
10.7 8.7 9.9 8.4 bok 6.4 
32.1 33.4 33.1 33.6 34.5 35.6 
45.8 47.0 45.8 46.3 47.3 46.3 
11.4 10.9 Like ae ya Oe f pi Wee g 
11,050 11,650 11,310 11,540 11,880 11,910 
2,150 2,220 2,200 2,310 2,260 2,420 
510 527 511 515 509 500 
561,000 597,000 595,000 598,000 603,000 486,000 
87.2 92.8 92.5 93.0 93.8 75.6 
25 Le 16 18 ye 28 
1,855 1,925 1,945 2,025 2,000 1,865 
1,940 2,010 2,030 2,110 2,085 1,950 
558,000 557,000 551,000 560,000 558,000 490,000 
277,000 290,000 291,000 307,000 301,000 243,000 
292,000 305,000 305,000 322,000 316,000 256,000 
284,000 307,000 304,000 291,000 302,000 243,000 
269,000 292,000 290,000 276,000 287,000 230,000 
44.2 47.7 47.3 45.3 47.0 37.8 
41.8 45.4 45.1 42.9 44.6 35.8 
50.6 51.4 51.1 48.7 50.1 50.0 
47.9 48.9 48.7 46.1 47.6 47.3 


i Corrected for carbon and radiation loss, infiltration of air to furnace, and leakage of air to pulverizer. 
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p.m. on December 13, (25D and 25H, respectively). Test No. 26 
was made on December 14, to furnish additional information for 
other test conditions. 

At first glance these data are confusing. Item 29 of Table 4 
shows, for example, that despite a decrease in the amount of heat 
available, the furnace heat-absorption efficiency (MHVT) of test 
25A (clean furnace), is slightly lower than that for test 24 (dirty 
furnace). This may be due to the higher excess air in test 25A. 
Furthermore, test 25B shows a higher furnace heat-absorption ef- 
ficiency than 25A, and no significant decrease in furnace heat- 
absorption efficiency occurs until test 25D, when it was 46.1 per 
cent. Thereafter, however, the furnace heat-absorption ef- 
ficiency again rises, this time to 47.6 per cent. Consideration of 
these data demonstrates the necessity for eliminating the effect 
of all variables except the one being studied, which in this case 
was the condition of the furnace walls with respect to ash and slag 
deposits. This point will now be discussed further. 


CorRELATION OF Test Resuurs: Errecr or Hear RELEASE, 
Excess Arr, BurNER PosITIon, AND CONDITION oF FURNACE 
Watts oN Furnace Heat-ABpsorpTion HFFICIENCY 


In the tests reported in this paper four major independ- 
ent variables affect the furnace heat-absorption efficiency. These 
variables are as follows: (1) the condition of the furnace walls; 
(2) the method of firing (inclination of the burners, and kind and 
fineness of the coal); (3) the rate of heat release in the furnace 
(heat available); and (4) the excess air at the furnace outlet. 
Although several procedures have been described in the litera- 
ture for evaluating the condition of the walls of furnaces, they 
provide only gross estimates suitable for comparing different 
methods of firing, that is, by stoker, pulverized coal, oil, or gas. 
Consequently, in so far as these tests are concerned, the condi- 
tion of the furnace walls, or rather the effect of this factor, is a 
quantity to be derived from the test results. The conditions 
generally described in these tests as “dirty” or ‘‘clean” can have 
wide ranges of significance for furnace heat absorption. 

The ideal procedure in a correlation of this kind would be to 
determine the relationships between furnace heat-absorption ef- 
ficiency and furnace operating conditions for a standard condi- 
tion of the furnace walls. The latter could be defined most 
readily as an absolutely clean furnace. It might be argued, how- 
ever, that absolutely clean furnace walls are impossible to achieve 
under actual operating conditions, since ash deposits begin to 
accumulate as soon as the unit is lit off. For practical purposes, 
however, a near approach to a standard condition might be to 
make the tests as soon as possible after the unit is placed into 
operation. Thereafter, tests made on the unit could be adjusted 
to a standard basis for variations of furnace heat release and ex- 
cess air, to permit evaluation of the effects of ash and slag de- 
posits on the walls. 

Since this practice was not followed in these tests, a delay of 
several months being necessary between starting the unit and the 
first series of tests, it is impossible to separate entirely the ef- 
fects of the conditions of the furnace walls in making correlations 
of furnace, heat-absorption efficiency with furnace heat-release 
rates and excess air, or factors proportional to them. An alter- 
native procedure has been used, which, although it cannot avoid 
the dilemma, nevertheless is of some aid in evaluating the data of 
these tests. 

It is assumed that to a first approximation the relationship be- 
tween furnace heat-absorption efficiency and the furnace heat- 
release rate and excess air is given by the Hudson-Orrok® equa- 
tion, which was modified to use the quantitative data available 


6 ‘Radiation in Boiler Furnaces,’ by R. N. Broido, Trans. ASME, 
vol. 47, 1925, pp. 1148-1155; discussion by G. A. Orrok. 


in these tests. In view of the empirical” basis for this equation, 
this assumption undoubtedly is sufficiently good for the present 


purpose. As modified, the Hudson-Orrok equation is 
100 
u=T 4 CAQz aaisnhets denlomhe: Tate a [1] 
where 
u = furnace heat-absorption efficiency, per cent 
C = constant, characteristic of furnace geometry and design, 
nature of fuel fired, and condition of furnace walls. Also, 
it may be a function of A and Q 
A = pounds of wet flue gas at furnace outlet per kB heat 


available in furnace 
Q = heat available in furnace, kB per hour and square foot 
projected radiant heating surface 


This equation is used primarily to adjust data to a uniform 
basis when a series of tests is made under closely similar operat- 
ing conditions. In these circumstances, the applicability of the 
equation for large variations of A and Q is not of concern. Al- 
though C’ may change with these variables, it will be sufficiently 
constant for the small range of the variables in the tests being 
compared. In comparing tests for widely different operating 
conditions, two reasons for the variation of C are of interest: 
(1) changes in the condition of the furnace walls; (2) the in- 
applicability of the Hudson-Orrok equation. If changes in 
the condition of the furnace walls could be shown to be absent, 
or the effect of such changes could be evaluated, it would then 
be possible to establish the true relationship between furnace 
heat-absorption efficiency and the heat available in the furnace 
per square foot of projected radiant heating surface, and the. 
weight of wet gases at the furnace outlet per kB heat available 
in the furnace. 

The application of this method of analysis to the correlation 
of the data obtained in these tests follows. 

Effect on Furnace Heat-Absorption Efficiency of Heat Available 
per Square Foot of Projected Radiant Heating Surface, and Weight 
of Wet Gases at Furnace Outlet per kB of Heat Available. As pre- 
viously noted, the third series of tests, Nos. 17-21, was made to 
determine the effect on the furnace heat-absorption efficiency of 
load and the excess air. Two surveys were made in each test, 
separated by an interval of only a few hours. Table 5 shows the 
calculation of the characteristic constant C of the modified 
Hudson-Orrok equation for these tests. In line with the discus- 
sion just given, the point of ‘first interest is the variation be- 
tween the morning and afternoon surveys of a given test. This 
variation is shown by item 10 of Table 5, which gives R, the ratio 
of C for the afternoon and morning tests. It will be noted for 
two of the five tests, Nos. 17 and 18, that C varied by a maxi- 
mum of 1 per cent, whereas for the other three tests the varia- 
tion amounted to from 7 to 11 per cent. The extreme variation 
of C for all tests, between a low value of 0.1147 for test 20A and 
a high value of 0.1309 for test 19B, amounted to 14 per cent. 

Two factors contribute to the variations of R obtained in these 
five tests. The first is the error in the determination of u. The 
probable error of a single determination is unknown but un- 
doubtedly large enough to be significant. The second is the 
variation in the conditions of the furnace walls encountered in 
these tests. Thus if a variation in the characteristic constant C, 
amounting to 11 per cent is possible between two surveys of the 


7‘*Review of Methods of Computing Heat Absorption in Boiler 
Furnaces,’ by W. J. Wohlenberg and H. F. Mullikin, Trans. ASME, 
vol. 57, 1935, pp. 531-540. 

8 “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,”” by H. F., Mullikin, Trans. ASME, vol. 57, 1935, pp. 517- 
529. 
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TABLE 5 CALCULATION OF CHAR: 


TRANSACTIONS OF THE ASMI 


JULY, 1948 


ACTERISTIC CONSTANT @C OF MODIFIED HUDSON-ORROK E UATION THIRD SERIES, TESTS 


NOS. 17A, 17B, 18A, 18B, 19A, 19B, 20A, 20B, 214A, AND 21B; MHVT DAT: 


fi eebast uM benss..ce+ aes care « Ce ei _17A 7B i 
2 Furnace heat-absorption efficiency, «, percent 45.3 45.7 46, 
Se OO = th Coe CRP Le ore ee aI SIV IE SIRs 54.7 54.3 ah 
AS TOO'— J) fiivaae cae he ass Stas 1.207 1.188 1 
5 A, pounds wet gas at furnace outlet, per kB ‘ ha 
heat available in furmace.......... 5.00055 1.059 1.059 0 
GLO a PA care a ain, AOA Es UR ie Ne 1.140 _1.122 1 
7 Q, heat available in furnace, kB per hrand ft? 75.9 73.9 938 
8 NYSE A), cn, Ciel mitin 8 ei tevenestaa sivgcyous th iene oes 8.72 8.60 9 
9 C = characteristic constant............. . 0.1807 0.1805 0 
CB 5 
TOME RGR ees ste Sorc ste oles cass SeKgavienl CRC 0.998 
CA 


same test, then the extreme variation of 14 per cent for all the 
surveys is not unreasonable. The consequences of this argument 
would then be that the modified form of the Hudson-Orrok equa- 
tion is a fair representation of the variation of furnace heat- 
absorption efficiency with the chosen variables, within the limits 
of reproducibility of the conditions of these tests. Ifit is assumed, 
however, that all the morning surveys corresponded to identical 
conditions of the furnace, the exponent of 4 in Equation [1] will 
be approximately 2 instead of 1, and the range of R values will 
be of the same magnitude as just noted. This result is due al- 
most entirely to the effect of test No. 17A. Such a relationship 
between furnace heat-absorption efficiency, and the weight of wet 
gases at the furnace outlet per kB heat available in the furnace is 
at wide variance with theoretical predictions and other experi- 
mental evidence. 

In view of these considerations it is concluded that, within the 
demonstrated limits of the variation of the conditions of the fur- 
nace walls, the relationship between the furnace heat-absorption 
efficiency and the furnace heat release and excess air is that given 
by the modified form of the Hudson-Orrok equation. 

The fusibility of the ash of the coals fired should be related to 
the rate of accumulation of ash on the furnace walls, which is 
indicated by R, item 10 of Table 5. However, reference to item 
14 of Table 3 shows that any such agreement is only partly true, 
since the softening temperature of the ash was high in tests Nos. 
17, 20, and 21, and low in tests Nos. 18 and 19, whereas rapid 
slagging of the furnace apparently occurred in tests Nos. 19, 20, 
and 21. This lack of correspondence is emphasized by the fact 
that test No. 18 was made at the highest heat-release rate of any 
of these tests, and with the low softening temperature of the ash, 
should have shown the most slagging. 

Rate of Accumulation of Ash and Slay on the Furnace Walls. 
The fourth series of tests, Nos. 24 and 25A-E, was made to deter- 
mine the effect of accumulation of ash and slag on furnace per- 
formance for an extended period of operation at high rating and 
fairly low excess air. The unadjusted data, described previously, 
do not present a clear picture of the behavior of the furnace 
because of distortions introduced by the unavoidable variation of 
operating conditions from test to test. These variations are suf- 


ae ee 7 fey) i) eae 
Sass) 50,047.48. 40.8 BRT BDL 
‘9 «B88 80086 4BL1 50,2 47.3 49.6 
‘is7 11165-1000 1.110- 0.927 1.008 0.897 0.984 
992 1.007 0.987 1.007 0.943 0,926 1.018 if 029 
1401157 _1,013. 1.102 0.983 1.089 0.881 0.956 
‘Oo Ces COT 700,)0=O784 OB ae ee 
ae eee) en ee ee 
1189021201 0.1200 0.1809 0.1147 0.1268 0.1215 0.1301 

1,010 1.091 1.105 1.071 


ficiently small, however, to justify the procedure outlined for 
adjusting data to a uniform basis by means of the modified form 
of the Hudson-Orrok equation. The calculations of the char- 
acteristic constant C of this equation for these tests are given in 
Table 6. Item 10 of this table shows for each survey the mean 
time elapsed since the start of this 60-hr test. Item 11 is the 
value of x calculated for each test for uniform values of Q and A, 
which are, respectively, 92.8 and 0.933. These values correspond 
to about 600,000 kB per hr heat available in the furnace and 20 
per cent excess air at the economizer outlet, for the coal used in 
test No. 25B. 

The variation of the calculated furnace ‘heat-absorption ef- 
ficiencies (MMHVT) with the time elapsed after the start of the 
60-hr test is shown graphically in Fig. 12. The value of » for 
test No. 24 made the day previous to the start of the 60-hr test is 
plotted at the proper time interval preceding the test. A hori- 
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. zontal dotted line has been drawn through this point to the zero 


time axis to indicate the condition of the furnace prior to cleaning, 
assuming that no further changes had occurred. ; 
Fig. 12 indicates primarily that the furnace-cleaning operations 
produced a significant effect on furnace heat-absorption efficiency, 
increasing the calculated value (MHVT) from 47.9 to 48.8 per 
cent. This relatively clean state persisted for almost 24 hr, 
when there began a rapid decrease in furnace heat-absorption ef- 


TABLE 6 CALCULATION OF CHARACTERISTIC CONSTANT C OF MODIFIED HUDSON-ORROK 
EQUATION, FOURTH SERIES, TESTS NOS, 24, 25A, 25B, 25C, 25D, 25E, AND 26: MHVT DATA oe 


eat number sc cee. ce ce ce a 24 


1 254A 25B 25C 25 5 P . 
2 Furnace heat-absorption efficiency, * es — ts 

Bs DOE GONG. Gado ouiee eu eee Secs 48.5 47.9 48.9 48.7 46.1 47.6 47.3 
: (100 — ay Sie Gots SC een Shites Sie hes 51.3 53.9 52.4 52.7 
4 we oe eee 062 1.045 5 59 
5 A, pounds of wet gas at furnace out- > ao ig ST ee Say 

let, per kB heat available in fur- : 

ROCs. Se wees se eee 0.899 0.995 0.933 0.926 0.936 0.925 1.008 
O00 — Sige Ba ee a secicne ce 1.181 1.098 1.120 3 2 “19¢ ; 
TO peg teller ye in furnace, kB eae ear eas sire 

per BNE Lots sie eters: ek a 95.2 87.2 92.8 92.5 93.0 93.8 75.6 
8 QU ane ee 8.26 8.34 9.93 9.62 9.64 9.69 8.69 

2 ris constant........ s 116: 2 296 23 

10 Mean time from start of 60-hr test, sash Ss nla Maes a 
: PI Fe ec ee een Ce Te tds ck —21.5 2.5 22 26.5 5 5 
11 Calculated value of » for Q = 92.8, : ec ie at 

A = 0.933, corresponding to 600,- 

000 kB per hr and 20 per cent ex- 

cess air at economizer outlet, for 

the coal used in test 25B........ 47.9 48.8 48.9 48.5 46.2 47.6 
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ficiency which persisted for another 24 hr, at which time a mini- 
mum value of 46.2 per cent was obtained. Thereafter the fur- 
nace heat-absorption efficiency increased to 47.6 per cent in 5 hr. 
It is worthy of note that the final value is almost identical with 
that obtained in the reference test for the dirty furnace. 

Reference to table 4 shows that the softening temperature of 
the ash was quite uniform throughout the 60-hr test, although 
considerably lower than some of the values for the tests of the 
third series. 

The results of the fourth series are basically similar to those 
of the third series, in so far as the rate of accumulations of slag 
is concerned. Thus the difference in furnace heat-absorption ef- 
ficiency between two surveys on the same day ranged from 0.2 
to 1°5 per cent, for the fourth series and from 0.6 to 2.6 per cent 
in the third series, reference being made to the unadjusted MHVT 
data of both series. 

Effect of Inclination of Burners on Furnace Heat-Absorption 
Efficiency. It will be recalled that in the first series of tests 


made for the purpose of determining the effect of burner in- - 


clination on furnace heat-absorption efficiency, the temperature 
and excess-air survey at the furnace outlet was not as complete 
as those made in the later tests of this investigation. Conse- 
quently the results of the first series of tests are not comparable, 
in their present form, with those of the second series of tests. 
The following procedure has been used in an attempt to adjust 
the results of the first series to the same basis as the rest of the 
tests, and thus permit the correlation of all the tests made to 
study the effect of inclination of the burners. 

Because the surveys made in the second series of tests were 
complete, it was possible to calculate the total sensible-heat con- 
tent of the gases leaving the furnace both by the complete 
method, using all the data, and by the incomplete method, using 
only the data from the positions at which samples were taken in 
the first series. The ratio of the values of the total sensible-heat 


content of the gases leaving the furnace, thus obtained from a 
test of the second series, may be taken as a factor for adjustment 
of the test of the first series made at the same setting of the 
burners. This procedure could not be applied to the tests 
with all burners inclined at +30 deg, because the data of the 
second series for this burner setting (test No. 13) also were in- 
complete. In this case it was necessary to resort to a linear ex- 
trapolation of the factors for the other burner settings. The re- 
sults of these calculations are given in Table 7A and are plotted 
in Fig. 13(a) which shows the extrapolation used to obtain the 
factor for the tests made with all burners inclined at +30 deg. 
The line of Fig. 13(a) is drawn through the point for test No. 10, 
because this test was made with a dirty furnace and thus corre- 
sponds more closely to the conditions of the first series of tests. 
These factors are used to compute corrected values for the fur- 
nace heat-absorption efficiency for tests Nos. 1, 2, 3, 4, and 13, 
as shown in Table 7B. 

The results of all tests made to determine the effect of inclina- 
tion of the burners oa furnace heat-absorption efficiency are 
summarized in Table 8. Included therein are the corrected 
values for tests Nos. 1, 2, 3, 4, and 13, the results of tests Nos. 10 
11, 14, and 15, and that for test No. 26, which was made under 
operating conditions closely approximating those of test No. 11. 
Table 8 also shows the calculation of the characteristic constant C 
for all of these tests. The values of the weight of wet gases at 
the furnace outlet required for the calculation of C for tests Nos. 
1, 2, 3, 4, and 13, were obtained by a procedure similar to that 
used to obtain the corrected values for these tests of the total 
sensible-heat content of the gases at the furnace outlet. The 
calculation of the correction factors for the weight of wet gases at 
the furnace outlet are included in Table 7A and are plotted in 
Fig. 13(l) to obtain the correction factor for tests with all burn- 
ers inclined at +30 deg. ‘The calculation of the corrected values 
of the weight of wet gases at the furnace outlet for tests Nos. 1, 2, 3, 


TABLE 7A RATIOS OF TOTAL SENSIBLE-HEAT CONTENT AND WEIGHT OF WET GASES AT FURNACE OUTLET FOR COMPLETE 
AND INCOMPLETE SURVEYS OF TESTS WITH VARYING INCLINATION OF BURNERS; MHVT DATA 
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Tes trnNUMDOL teas eels wee eee yes ease RS ———— 10 
Com- 


plete 


Incom- 
Nature: Of SURVCY sei cree ieie Sie wie eles plete 
Inclination of burners Upper 
from horizontal degrees {Lower............. 0 
Condition of furnace Walls c.c. ites ects ee reinnis Dirty 
Average excess air at furnace outlet, per cent... 24 
Average temperature of gases at furnace outlet, 
deg F, MHVT 2015 1935 
Total sensible-heat content of gases at furnace 
ontiet, MuE (perth... jones gies wie. one shee 272 255 
p, ratio of total sensible-heat content of gases at 
furnace outlet, complete survey: incomplete 
ULE ON sareitarcrey tava cua tue rei calate sharpie ane leleve sas a ace 1.067 
10 Weight of wet gases at furnace outlet, M lb per 
Terie sceles cpwetereca) Sara icuonss cos apes ayers ie fe aye tagececarets 498 489 
11 P, ratio of weight of wet gases at furnace outlet, 
complete survey: incomplete survey......... 1.018 
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@ Extrapolated value, Fig. 13(a). 
b Extrapolated value, Fig. 13(d). 
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TABLE 7B CALCULATION OF CORRECTED VALUES OF FURNACE HEAT-ABSORPTION EFFI- 
CIENCY, AND WEIGHT OF WET GASES AT re cae FOR TESTS NOS. 1, 2, 3, 4, AND 13; 
MH i 


1 Test number...... Ba he oR EO Coe CIO LO Tee re 1 2 3 a4 13 
2 Inclination of burners Nii jeliesw ooenoten ds Cope 0 oe ao 0 +30 —30 0 +30 
3 from horizontal degrees {Lower..........00e+ee cece ee eeee 720 +30 —30 0 +30 
AMA GOnNAISIONNOMLUTNACCAWALLS ycitietl emetic a emote elt aketace Seis lahat = Dirty Dirty Dirty Dirty Clean 
5 Heat available in furnace, kB per hr...........-..+-+-+: ae 532000 494000 475000 490000 495000 
tal ible-heat content of gases at furnace outlet, incomplete . 
F Wes ategy per ne BS Favela Ne : ORO MA re etry. whemaxtie aioe eins ssr8 287000 275000 233000 243000 238000 
“rection factor for total sensible-heat content of gases at fur- 
OE CEB al ar gla iy tage Wie wee e a ‘oe 1.067 1.124 1.009 1.067 1.124 
total ible-heat content of gases at furnace outlet, 
: ee 3 Con fs Bene concen Ce f Soret, Sica eee 306000 309000 235000 259000 268000 
9 Corrected value for heat absorbed in furnace, kB per hr....... 226000 185000 240000 231000 227000 
10 Corrected furnace heat-absorption perernes per one Pre oct in 42.5 37.4 50.5 47.1 45.9 
ight of t at furnace outlet, incomplete survey, 
se Sitio ree ar 4 ere A DPR I loc Oe Gis OER RE ee ae, AE 532000 494000 468000 486000 494000 
12 P, correction factor for weight of wet gases e furnace ouiet: ore 1.018 0.989 1.047 1.018 «0.989 
“ » fi ight of wet gases at furnace outlet, per 
¢ af Bae ee ania Riga terete AA PCC DAG eee or 542000 489000 490000 495000 489000 
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4, and 13 are included in Table 7B. In Table 8 are given the 
calculated values of the furnace heat-absorption efficiency for 
uniform values of Q and A, of 73.9 and 1.022, respectively, 
equivalent to heat available in the furnace of 475,000 kB per hr 
and excess air at the economizer outlet of 30 per cent, for the 
coal used in test No. 11. 

Fig. 14 is a plot of the calculated values of furnace heat- 
absorption efficiency for the stated operating conditions, as a func- 
tion of inclination of the burners, for the dirty-furnace condi- 
tions of tests Nos. 1, 2, 3, 4, and 10, and the clean-furnace condi- 
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tions of tests Nos. 11, 13, 14, 15, and.26. Test No. 14, upper 
burners horizontal, lower burners inclined at —30 deg, has not 
been plotted, since it cannot be assumed that it necessarily repre- 
sents any specific intermediate point. The curve for the dirty- 
furnace conditions has been drawn through the mean of the 
values of tests Nos. 1, 4, and 10, all burners at 0 deg, although 
it is quite probable that the condition of the furnace walls varied 
considerably in these three tests. The curves are drawn* full 
between —30 and 0 deg, but dotted between 0 and +30 deg, 
because the +30-deg points are based upon extrapolated values 
for the correction factors applied to tests Nos. 2 and 13. 

Although the two curves differ markedly, primarily because of 
the difference in the results for tests Nos. 2 and 13, there is a con- 
siderable improvement of Fig. 14 over Fig. 9. The large differ- 
ence in furnace heat-absorption efficiency between tests Nos. 2 
and 13 has not been greatly affected by the adjustments to which 
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heaton EQUATION FOR TESTS 


Leebest number yer. crssaciretets eecveusternorseeke 1 2 3 4 
2 Inclination of burners We 0 +30 —30 0 a 0 +50 a mes a 
: e arom honizontal Geen) Lower 0 +30 —30 0 0 0 +30 —30 —30 0 
ondition of furnace walls. ae Dirty Dirt Dirt; Di i 
Pea pete te ae s rty irty irty Dirty Clean Clean Clean Clean Clean 
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ae “pounds dr wet gas st furnace oer He , ‘ ; < 1.169 1.092 1.179 0.942 0.862 1.114 
eat available in furnace 1.019% 0.9905 1.0320 1.0106 0.986 1.022 0.9885 0.996 0.998 1.0 
Dee (LOOT) eAR enw ian Seeley a 1.328 1.691 0.950 1.112 : : c : i to 
too: heat availabie een GARE 1 1.185 1.068 1,193 0.946 0.864 1.105 
BGT of oxciore nicl eee eve eantehes eens 82.7 76.8 73.9 76.2 W835 71.2 77.0 
ee she eee os ee Bt Ben Ong ilar, Sep Rit, SCs Cans epee 
stan : : ; .195 al : i : 
Ve Fe Cera te duane ee oe s Sas > ee 74 0.1337 0.1265 0.1360 0.1095 0.1007 0.1272 
1.022, corresponding to 475000 kB per 
hr and 30 per cent excess air at econo- 
mizer outlet, for coal used in test 
jt Arter ce erie er ircicurinke iciclosor Uo choc 43.8 37.1- ‘50.7 47.2 46.0 47.3 45.6 50.9 53.1 47.2 


% Corrected values, Table 7B. 


+ Derived from corrected values of weight of wet gases at furnace outlet, Table 7B. 
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the data have been subjected; the unadjusted values differ by 
7.6 per cent, the adjusted values by 8.5 per cent. Because the 
same factors were used to correct the data of both tests, regard- 
less of the condition of the walls, some error may have been intro- 
duced, but not such as substantially to change the relationship 
between these two tests. It must be concluded therefore that 
Fig. 14 is fairly representative of the conditions for which the first 
two series of tests were made. This figure indicates a decrease 
in the heat-absorption efficiency for the dirty furnace of 13.6 per 
cent between the conditions of all burners inclined at —30 deg 
and all burners inclined at +30 deg, and a decrease for the clean 
furnace of 7.5 per cent for the same variation of inclination of the 
burners. 


DISTRIBUTION OF GASES AT FURNACE OUTLET 


The distribution of the gases at the furnace outlet and the 
variation of the properties of the gases with position may be ex- 
pected to vary with many of the factors studied in this investiga- 
tion, but greatest of all with the inclination of the burners. As 
previously noted, measurements of the gas velocity were made 
in the tests of the second series at all odd-numbered sampling 
positions except No. 1. Five tests were made in this series: (1) 
No. 10, all burners horizontal, dirty furnace; (2) No. 11, all 
burners horizontal, clean furnace; (3) No. 18, all burners in- 
clined at +30 deg, clean furnace; (4) No. 14, upper burners 
horizontal, lower burners inclined at —30 deg, clean furnace; 
and (5) No. 15, all burners inclined at —30 deg, clean furnace. 
No data were taken at stations K and K-R in test No. 13, and 
this test is not included in this discussion. 

The distribution of the velocity, composition, and tempera- 
ture of the gas at the furnace outlet could be presented by plotting 
the respective values on a map of the furnace outlet area similar to 
Fig. 5, and then drawing lines of constant velocity, composition, 
and temperature. This procedure is complicated and presents 
difficulties familiar to all who have attempted to apply it to the 
fluctuating conditions which obtain at the furnace outlet. The 
method of presentation used here is simpler and more graphical 
and presents the results in a form that will be shown to correspond 
to significant operating conditions of the boiler. 

It will be noted in Fig. 8 that the developed furnace outlet 
has been divided into five vertical bands and six horizontal strips. 
The data for velocity, temperature, and composition of the gases 
for each test have been used to calculate average values of tem- 
perature and excess air, and of the percentage of the total mass 
flow for each of the five vertical and the six horizontal strips of the 
developed furnace outlet area. The temperature and excess-air 
averages were calculated by weighting with respect to the mass- 
velocity data. 

Distribution of Excess Air. In the course of the tests of the 
second series, traverses were made at the economizer outlet of 
this boiler, and the gas samples were analyzed in an Orsat ap- 
paratus. These traverses showed in every case that the excess 
air at the left or north side of the economizer was significantly 
lower than that at the right or south side. It is evident from the 
distribution of excess air across the furnace outlet that this condi- 
tion originated in the furnace. These data are given in Table 9 
and plotted in Fig. 15. Examination of the figure reveals that, 
with the exception of test No. 14, the excess air at the left side 
is lower than at the right side of the furnace outlet. The gases 
entering the superheater vary in composition systematically from 
the left to the right side of the furnace and flow through the 
superheaters and economizer is essentially parallel. 

Included in Table 9 and plotted in Fig. 16 are the weighted 
mean values of excess air for the six horizontal strips, H, D, C, A, 
K, and _K,. For tests Nos. 10, 11, and 14, the excess-air values 
for all strips lie between 22 and 31 per cent, and the data show no 


TABLE 9 DISTRIBUTION OF AVERAGE EXCESS AIR AT FUR- 
NACE OUTLET; TESTS NOS. 10, 11, 14, 15 


Excess air, per cent-—————— 
Test no. 10 11 14 15 


Vertical band 
1 16.2 21.6 30.7 21.5 
2 20.7 26.9 26.3 2 Me 
3 24.5 25.0 23.4 22.8 
4 28.2 28.8 28.5 28.2 
5 31.4 35.9 18.8 29.0 

Horizontal strip 
E 28.0 25.7 22.6 US RY 
D 27.9 28.5 26.6 24.2 
C 25.8 29.2 30.1 20.2 
A 26.9 25.8 28.5 10,8 
Ko 23.7 30.8 27.2 34.7 
Ki 22.9 30.1 25.8 35.1 
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marked’systematic variations with position. For test No. 15 the 
distribution is quite different from the others; the excess air 
varies widely, with a minimum of about 11 per cent at strip A 
and a maximum value of about 25 per cent for strips K, and K;. 
‘ Distribution of Mass Flow. The percentage of the total mass 
flow of the gases leaving the furnace in each part of the furnace- 
outlet area is given in Table 10, and is plotted in Figs. 17 and 18, 
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for the distribution in vertical bands and horizontal strips, re- 
spectively. 

Referring to Fig. 8, the gases leaving the furnace in a given band 
at the lower portion of the furnace outlet mix primarily with gases 
leaving the furnace higher up in the same vertical band. That 
this parallel flow persists beyond the superheater has been indi- 
cated previously from the comparison of the distribution of the 
excess air at the furnace outlet and at the economizer outlet. 


TABLE 10 DISTRIBUTION OF AVERAGE MASS FLOW AT FUR- 
NACE OUTLET; PER CENT OF TOTAL MASS FLOW FOR ALL 
SECTIONS OF FURNACE OUTLET; TESTS NOS. 10, 11, 14, 15 


——Mass flow, per cent of total 


Test no. 10 ll 14 15 
Vertical band 
1 LG8 16.8 27.4 28.5 
2 18.2 17.8 23.3 24.5 
3 18.1 18.0 17.6 18.6 
Dae 20.8 19.7 13.7 12.8 
5 26.8 27.7 18.0 15.6 
Horizontal strip 
E 20.7 26.6 25.0 32.1 
D 18.9 19.9 16.6 24.2 
Cc 10.9 9.5 7.4 12.6 
A 1 a 6.0 7.9 6.2 
Ke 20.2 17.6 20.7 14.6 
Ki 18.2 20.4 22.4 10.3 
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The most interesting features of Fig. 17 are the considerable 
asymmetry of the mass flow and the similarity between curves 
for tests having essentially the same arrangement of the burners. 
For example, the curves for tests Nos. 10 and 11, both with all 


burners horizontal, are almost identical, with low mass flow at the { 


left side increasing slowly toward the center, then more rapidly 
at the right where the mass flow at band 5 is about two thirds 
greater than that of band 1. 


deg, and for test No. 15, with all burners inclined at —30 deg, 
also are quite similar to each other, but in this case the flow pat- 
tern is reversed from that of tests Nos. 10and11. The mass flow 
is highest at the left, in band 1, decreasing almost linearly to a 
minimum at band 4, where the mass flow is less than one half 
that of band 1. Finally, the mass flow increases again at band 5. 

The distributions of mass flow for the horizontal strips Ki, 
K., A, C, D, and E, plotted in Fig. 18, are quite similar for the 
four tests and reflect the geometry of the furnace outlet. The 
mass flow is high at the top of furnace, strips D and £, is lew at 
the center, strips C and A, and is high again at the lower inclined 
portion of the furnace outlet, strips K, and Ks. 

Distribution of Temperature. The weighted mean values of 
the temperature of the gases for the five vertical bands and the 
six horizontal strips of the furnace outlet have been computed 
from the values of temperature, and mass velocity, for all the 
sections of the furnace outlet. The results of these calculations 
are given in Table 11; the temperature distributions for the 
vertical bands are plotted in Fig. 19, and the temperature dis- 
tributions for the horizontal strips are plotted in Fig. 20. 


TABLE 11 DISTRIBUTION OF AVERAGE TEMPERATURE AT 
FURNACE OUTLET; TESTS NOS. 10, 11, 14, 15 


-—Temperature, deg F, MHVT—~ 


Test no. 10 11 14 15 

Vertical band 
1 2085 1900 1685 1665 
2 2135 1960 1880 1825 
3 2065 1920 1955 1850 
4 1970 1880 1930 1830 
5 1870 1820 1745 1710 

Horizontal strip 
E 1845 | 1785 1765 1825 
D 1870 1785 1740 1740 
Cc 1915 1850 1760 1730 
A 1985 1895 1865 1785 
Ke 2200 2020 1880 1730 
Ki 2205 2030 1905 1715 


Fig. 19 shows that the temperature distribution for vertical 


bands is asymmetrical for tests Nos. 10 and 11, with high values at — 


band 1, rising to a peak at band 2, and then decreasing rapidly to 
band 5. The temperature distributions for tests Nos. 14 and 15 


are symmetrical, with peak values at band 3. The differences | 
between the bands of maximum and minimum temperature are _ 


265 F, 140 F, 270 F, and 185 F for tests Nos. 10, 11, 14, and 15, 
respectively. The temperature levels for the various tests are of 
course in line with the average temperatures previously. cited 
for the total outlet gas of each test. 

Temperature distributions for the horizontal strips, Fig. 20, 
follow a much more uniform pattern. With the exception of test 
No. 15, the temperatures are highest at the bottom of the fur- 
nace outlet, strips A, and Ke, and decrease toward the top of the 
furnace. In test No. 15, the temperature is lowest at K; and Ra, 
with a maximum at F. 


165 F, and 110 F, for tests Nos. 10, 11, 14, and 15, respectively. 


GENERAL Discusston or BRRoRS 


} In view of the large number of tests required to cover all the 
significant variables affecting furnace heat-absorption efficiency, 
no provision could be made in the test program for repetitive 


The curves for test No. 14, with | 
upper burners horizontal and bottom burners inclined at —30 , 


; The temperature differences between the _ 
strips of maximum and minimum temperature are 360 F, 245 F, | 
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testing under comparable conditions to establish the precision 
of the measurements. An estimate can be made, however, of the 
effect on the furnace heat-absorption efficiency of reasonable as- 
sumed values of the probable errors of the various observations 
which enter into the calculation of the furnace heat-absorption ef- 
ficiency. This analysis, too detailed to be presented here, re- 


sults in a value of 0.5 per cent for the probable error of single. 


determinations of the furnace heat-absorption efficiency. Sys- 
tematic errors of observations, as distinguished from the random 
errors on which the foregoing analysis is based, have a considera- 
bly greater effect because they are propagated without reduc- 
tion in the average value. Thus the corrections applied in this 
paper to the temperature observations, to place them on the 
MHVT basis, may be in error by as much as +30 deg F. Errors 
of this magnitude would change the absolute values of furnace 


heat-absorption efficiency reported in this paper by about 1 per 
cent but would not greatly affect the relative values. 

This discussion has assumed tacitly that the furnace was oper- 
ating so that the averages being calculated remained constant 
during the course of the test, even though fluctuations were 
known to be occurring at the various positions at the furnace 
outlet. In some of the tests of this investigation, significant 
variations in operating conditions occurred over periods of time 
comparable to that required for a traverse. Since each traverse 
can represent only the conditions under which it is made, any 
variation of operating procedure from the conditions for which 
test data are desired will be reflected in the final results. 

Repeated tests for nominally identical conditions would pro- 
vide an estimate of the reproducibility of all the factors influenc- 
ing furnace heat-absorption efficiency, and its determination, in- 
cluding the reproducibility of furnace-wall conditions, which was 
previously discussed. Since the effect of the variations of fur- 
nace-wall conditions may well exceed that of all the other factors, 
it is apparent that investigations of this type require a large 
number of tests for the proper evaluation of the effect of the 
operating variables on furnace heat-absorption efficiency. 


CONCLUSIONS 


In order to provide basic data on furnace performance and to 
determine. the relationship between the temperature gradient 
through furnace-wall tubes and the rate of heat transfer, the 
over-all heat-absorption efficiency of the Tidd furnace was meas- 
ured by conventional methods. These consisted of determining 
the sensible heat in the products of combustion leéving the fur- 
nace outlet by measuring their temperature with a high-velocity 
thermocouple, and calculating their mass flow from the rate of 
burning of the fuel and the composition of the gas. Measurements 
of the velocity of the gases at the furnace outlet with a double- 
impact Pitot tube were only partly satisfactory because of the 
complicated flow patterns of the ggses. 

To reduce the data from all of the tests to a common level, 
use was made of a modified form of the Hudson-Orrok equation, 
which relates the furnace heat-absorption efficiency to the mass 
flow of flue gas, the heat available in the furnace, and a constant 
depending upon the furnace design and condition. Thus un- 
avoidable variations in load and in excess air could be corrected 
for with reasonable assurance. 

The test results show that an increase in the rate of heat re- 
lease in the furnace decreases the heat-absorption efficiency, the 
amount of change being somewhat greater when the walls of the 
furnace are clean than when they are dirty. As a first approxi- 
mation, an increase in steam output from 300,000 lb per hr to 
500,000 Ib per hr was found to lower the furnace heat-absorption 
efficiency of the clean furnace from 53.0 to 47.5 per cent; whereas 
for a dirty furnace, the same change of load lowered the effi- 
ciency from 51.0 to 46.3 per cent. Increase in excess air, for a 
given rating, also lowered the efficiency. For example, with 
a dirty furnace, doubling the excess air in the normal operating 
region lowered the heat-absorption efficiency approximately 4 per 
cent. 

Accumulations of ash and slag on the walls of the furnace have 
a noticeable effect on furnace heat absorption. In some tests 
the furnace heat-absorption efficiency decreased 2.6 per cent, 
4 to 6 hr after the furnace was cleaned by wall blowers. In other 
tests it was found that cleaning caused an increase in furnace 
heat-absorption efficiency, which amounted to only 0.9 per cent. 
The efficiency remained constant for 24 hr after cleaning the 
furnace, and then decreased 2.7 per cent during the subsequent 
23 hr. Thereafter, the efficiency increased slightly so that the 
final value, after a total period of 52 hr since cleaning, was only 
1.2 per cent less than that of the clean furnace. These changes 
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in furnace heat-absorption efficiency, if interpreted as being due 
solely to the behavior of the ash deposits on the furnace walls, 
suggest that a cyclic process occurs, in which ash accumulates and 
detaches from the walls in a rather regular manner. 

Increasing the length of the path of the products of combustion 
by inclining the burners downward had the expected effect of 
increasing the furnace heat-absorption efficiency. When cor- 
rected to the same test conditions, the furnace heat-absorption 
efficiency of the dirty furnace was 13.6 per cent greater with the 
burners inclined 30 deg downward than when they were inclined 
upward 30 deg; the corresponding variation for the clean furnace 
was 7.5 per cent. 

The composition and flow of gases was not uniform across the 
furnace outlet. In the series of tests in which the inclination of 
the burners was varied, the excess air at the left side of the furnace 
outlet was, with but one exception, lower than at the right side, 
the ratio being 1:2 in some tests. However, the vertical dis- 
tribution of excess air was nearly constant. The distribution 
across the furnace outlet of the flow of gases was characteristic 
of the inclination of the burners. When the burners were in- 
clined downward, the mass flow was more than twice as great 
at the left side of the furnace outlet as at the right side, but with 
~ the burners horizontal, the opposite effect was observed. The 
geometry of the furnace outlet was reflected in the vertical dis- 
tribution of the flow of gases, which was greatest at the top of the 
furnace. 

The distribution across the furnace outlet of the temperature 
of the gases also varied with the inclination of the burners. 
When the bufners were horizontal, the temperature was highest 
at the left side of the furnace outlet; but when the burners were 
inclined downward, the temperature distribution was quite 
symmetrical, with a maximum at the center of the furnace outlet. 
The vertical distribution of the temperature of the gases was 
normal, with highest temperatures at the bottom of the furnace 
outlet. ‘ 

Consideration of the probable error of the measurements indi- 
cates that it will be 0.5 per cent asa maximum. The considera- 
ble variations between tests made during intervals as small as 
4 to 6 hr, which was probably due to changes in the condition of 
the furnace walls, indicate the necessity for large numbers of 
tests in such investigations, if the effect of the other operating 
variables is to be correctly deduced. It is apparent that the 
mechanism of the deposition of ash on the walls of dry-bottom 
furnaces, and the effect of such deposits as a thermal insulator, 
require further clarification. 
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Appendix 1 


CALCULATION OF ToTaL SENSIBLE Heat ConTrENT OF GASES 
LEAVING FURNACE 


The sensible heat content H,, of the gases resulting from the 
combustion of 1 lb of MAF coal 


15L, = W php + (W AW, + Why 


where Wp = weight of gases formed from the combustion of 
1 lb of MAF coal with dry air. It is calculated from the com- 
position of the coals used in these tests, Meig’s Creek (No. 9), 
Duncanwood Mine, Harrison County, Ohio, and is plotted as a 
function of excess air in curves similar to the one shown in Fig. 
21, for tests Nos. 10 and 11. 


Dp: PER POUND OF MAF COAL 
_ = — 


POUNDS OF FLUE GAS (DRY AIR, DRY COAL) W 


~ 


Fig. 21 Typrcan Pror Givine Pounps or Fivz Gas—Dry Arr, 
Dry Coat—prer Ls MAF Coat as a Function or Excess AIR 


hp = sensible heat content per pound of flue gas resulting from 
the combustion of MAF coal with dry air. It is given as a func- 
tion of temperature and excess air in Fig. 22. 

W 4 = pounds of dry air required to burn 1 lb of MAF coal; 
equal to Wp — 1. 

W, = pounds of moisture in air per pound of dry air; ob- 
tained from wet- and dry-bulb readings at forced-draft-fan floor. 

W, = pounds of moisture in coal, as fired, per pound of MAF 
coal. - 

hw = sensible heat of water vapor at atmospheric pressure. 
It is given as a function of temperature in Fig. 22. | 

H,, is the value of H, computed for the average values of ex- | 
cess air and temperature for the thirty sections of the furnace 
outlet, and is used in the calculations of this paper. 

The sensible-heat-content charts were calculated from the 
recent tables of Heck.? 


9 “The New Specific Heats,’? by R. C. H. Heck, Mechanical Engi- 
neering, vol. 62, 1940, pp. 9-12. 
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where F is the rate of coal feed, pounds MAF coal per hour. 
Bg is the gross heating value of the coal, Btu per Ib MAF coal, 
and 0.01 Bg is the correction for radiation and unburned-carbon 
losses, equal to 1 per cent of the gross heating value of the coal. 
Hear AvaILasie In Furnace, Huar ABSORPTION IN FURNACE, g is the fraction of air entering the furnace which is preheated; 
Furnace Heat-Apsorption Erricrency this allows for 10 per cent air infiltration to furnace and for air 
leakage to pulverizer. 


Appendix 2 . | 


(1) H,4, the sensible heat content per pound of preheated 
air (3) YT, total heat absorbed in furnace, kB per hr 


pe Wt Who’ SS 


(4) 4, furnace heat-absorption efficiency, per cent 


where 
h4 = heat content of dry air, Btu per lb u = 100 i 
hy’ = heat content of moisture in air, Btu per lb S 


! j i f ture in Fig. 28. 
Zia aera co: Sine ong of temperate 1218 (5) Q, heat available in furnace, and U, heat absorbed in fur- 


(2) S, the total heat available in furnace, kB per hr nace, kB per sq ft-hr 
eee 
ST aa ne ee ~ 6430 
where By is the net heating value of the coal, Btu per lb MAF i Pte 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


I1I—Variations in Heat Absorption as Shown by Density and Velocity 
Measurements of Fluid Within a Tube 


By A. R. MUMFORD! anp C. G. R. HUMPHREYS,? NEW YORK, N. Y. 


The determination of heat-transfer rates by differential 


measurements of static pressure and by inlet velocity re- . 


sulted in lower values and less consistent values than the 
rates determined by measurement of the surface tempera- 
ture of the tube. The difference between the two meth- 
ods can be attributed to a difference in the velocity of 
steam and water within the tube’ generally resulting in 
indications of higher density, as measured at the cold side 
of the tube, then as computed from the hot-surface tem- 
perature measurement and the water velocity entering 
the tube. Because the effect of rate of heat transfer, 
total heat absorption, relative rates of absorption along 
the length of the tube, and velocity of water entering 
the tube could not be easily segregated the relative veloci- 
ties of steam and water could not be correlated with the 
other factors, and further field work on density, as deter- 
mined differentially from static pressures, is not recom- 
mended. Laboratory work in which separate control of 
the variables is more practical may provide valuable data 
on bubble slip and circulation factors. 


OBJECTIVES 


N order to establish the relation between the surface tem- 
I perature of the hot side of a furnace tube and the heat ab- 
sorbed by that tube, one experimental tube in about the 
middle of the right wall was selected and equipped with velocity, 
quality, and density-measuring devices. The quality deter- 
mination was made near the point where the tube discharged 
into a common upper header. Velocity measurements were made 
in the vertical section of the tube about 3 ft above the point of 
first exposure to any heat but well below the point of active heat 
absorption. Density of the fluid within the tube was measured 
differentially by static pressures along the active length of the 
tube. The surface temperature of the exposed side of the tube 
was measured by center-line couples which constituted part of the 
temperature study of the entire furnace, and by couples disposed 
circumferentially at the principal center-line couple points. 
The establishment of the relationship between surface tempera- 


1 Development Engineer, Research Department, Combustion 
Engineering Company, Inc. Fellow ASME. 
2 Engineer, Research Department, Combustion Engineering Com- 


pany, Inc. Mem. ASME. 


Contributed by the Special Research Committee on Furnace Per-” 


formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, Chi- 
cago, Ill., June 16-19, 1947, of Tam American Society or Mrecnant- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


ture and heat absorption, as determined by density variations 
and velocity, or by quality and velocity, would provide an inde- 
pendently determined factor for the combined heat-transfer co- 
efficient of the tube wall and inside film. 

Experimental Tube Arrangement; Density Measurements. 
Five simple pressure taps were installed in tube No. 40, right 
wall, at points indicated in Fig. 1, to measure pressure differen- 
tials between the hot leg in the boiler tube and the cold leg in the 
external connections between any pair of pressure taps. From 
these data we hoped to determine the average density of the 
fluid in the hot leg. The formula for determination of Q, aver- 
age volumetric quality of the mixture of steam and water be- 
tween any. two pressure taps, from measurements of the differen- 
tial between the hot and cold legs is developed in Appendix 1. 

Fig. 2 shows the assembly of manometers using mercury as the 
manometer fluid. For taps, or density connections, 1 to 2, 1 to 
3, or 1 to 2, and 2 to 3, 20-in. Meriam high-pressure manometers 
were used; for 1 to 4, 1 to 5, or 3 to 4, and 4 to 5, 40-in. Meriam 
high-pressure manometers were used. The readings were fairly 
steady during the test period probably because of inertia in the 
long connections. Leakage was rarely experienced and easily 
rectified despite the large number of valves necessary. Manome- 
ters functioned perfectly and the insufficiency of the method is not 
apparently chargeable to instrumentation. 

Circumferential Thermocouples. Fig. 1 shows exactly where 
thermocouples are located in all walls for measurements of sur- 
face temperatures. These, described in Part I of this symposium,’ 
were for records of tube center-line temperatures. The manner 
of placing couples is a modification of the method first described 
in (1)4 and possesses definite advantages over that earlier method. 
It is described in detail in (2) and shown in Fig. 3. 

Also, at boiler No. 11, we employed what are called circum- 
ferential couples, Fig. 1. Such couples were placed on a selected 
tube at or near the center of each wall and at some of the same 
elevations uséd for center-line thermocouples. The same means 
of couple installation was used, but couples were located at 30 


- deg and 60 deg on either side of the center-line couple at each 


location chosen. Thus five couples measured circumferential 
temperatures at these locations, and reference to Tables 1 and 2 
is illustrated by a simple example as follows: 

The five couples 5-8A, 5-8B, 5-8, 5-8C, and 5-8D are identified 
thus: 5-8 is the center-line couple in the right wall; B and C are 
set 30 deg from the center-line couple; A and D are set 60 deg 
from the center-line couple. All center-line-couple temperatures 
were recorded and all circumferential temperatures were meas- 


3 Part I appears on page 553 of this issue of the Transactions. 
4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ured using an indicating millivolt potentiometer. 
points where circumferential couples are installed; a total of 105 
couples. 

Fluid-Velocity Measurements. 
into tube No. 40 on the right side wall utilized the modified Pitot 


Fig. 1 shows 


Measurement of water flowing 


tube described by Ravese (3). The actual tube is shown in 
Fig. 4. At the point of insertion a small pad was welded to the 
tube on the cold side, and a !/,-in. tapped hole was made exactly 
at right angles to the tube. Any burrs were removed, and the 
internal diameter was measured before insertion of the Pitot tube. 
The Pitot tube was then seal-welded in place. The point of 
velocity measurement is at one third of the internal tube diameter 
where a fair average flow exists (4, 5). The differential pressure 


Fie. 3 CrrcUMFERENTIAL THERMOCOUPLES ON Hort SIDE oF 
FURNACE-WALL TUBE 


was indicated in a 20-in. Meriam high-pressure manometer using 
dyed carbon tetrachloride as the manometer fluid. A leg correc- 
tion was made to take into account the small difference in eleva- 
tion of the Pitot-tube connections. This correction is very small 
where high velocities are encountered, but where pressure differ- 
ences exist as low as a few inches of water it must be taken into 
account. : 

Table 3 summarizes the average velocities measured. In these 
measurements, as in the density measurements, the length of 
the connections introduced sufficient inertia so that the read- 
ings of the manometers were very steady and, in fact, the read- 
ings did not change significantly during the periods of testing. 
The constancy of the readings was a condition of the circuit and 
not due to leaks which were few and speedily corrected. The 


manometers were not sluggish and were cleaned and overhauled 
before each test. 


Quality Determinations. The quality of the mixture at the 
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top of the tube was to be measured by a heat-exchanger type of 
calorimeter handling a sample withdrawn from the tube through 
a standard ASME sampling nozzle. This procedure has been 
described in (6). Although the calorimeter had been acid-cleaned 
before the start of the tests, difficulty was experienced in balanc- 
ing the flows and temperatures. The few available test men 
could not devote sufficient time to determine the difficulty and 
make the other scheduled observations, so this determination of 
quality was abandoned. 
Density Studies. The observations of pressure differentials 
are given in Table 3. The computed values of the average qual- 
ity of the mixture between the several points is also noted in this 
table. 
The results of the determination of quality from measurement 


7 


of differential static pressure are shown by curves connecting 
the average values for each test from Nos. 10 to 26. 

Before discussing briefly the results of each test, an examina- 
tion of the average results may aid in indicating the difficulties 
of this method of relating heat absorption to surface tempera- 
tures. Although of no significance in the study of the perform- 
ance of the furnace, the averages do aid in an examination of the 
method. 

In Fig. 5 are plotted the variation in Q with height above the 
hopper center line, as determined both by the density method 
and by the surface-temperature and tube-inlet-velocity relation 
for the experimental tube. The values of Q from the density 
measurements are lower at all points along the tube than are those 
values of Q from the surface-temperature measurements. The 
divergence of the curves increases steadily along the lower half 
of the length of the tube but remains essentially the same during 
the upper half of the length. 

If it is assumed that the values determined from the surface 
temperatures are true values of the steam made, then the velocities 
of steam determined from this curve must be accepted as true 
values. Because all heat was absorbed on one side of the tube 
only it is easy to imagine a lack of uniformity in the mixture over 
any horizontal section of the tube. The mixture can be thought 
of as richer in steam on the portion of the section nearer the fur- 
nace and richer in water on the portion of the section nearer the 
casing. Such differences in uniformity of the mixture in a fur- 
nace tube have been pictured as resulting in a rolling motion of the 
fluid rising through the tube with the side of the section richer in 
water rising at a slower speed than the side of the section richer 
in steam. Others have termed this type of phenomena “bubble 
slip.” 

The conclusions are that a difference in velocity of the steam 
and water exists, with the steam rising faster near the heated sur- 
face than the water near the casing side. Such a difference in 
velocity would explain the lower qualities indicated by density 
than by temperature differentials, particularly when it is recalled 
that the density taps were taken from the casing side of the tube. 
If the water velocities are computed from the density measure- 
ments, and the steam velocities from the AZ measurements 
a comparison of the average velocities of each is possible. This 
comparison is shown in Fig. 6. The steam velocity rises above 
the water velocity, and the divergence increases as the value of Q 
increases. If the difference between the steam and water veloci- 
ties is plotted against Q, two straight lines can be drawn through 
the points intersecting at a Q of 0.575, and a differential velocity 
of 0.6 fps. If the intersection represents a break in the differen- 
tial-velocity line, the upper part of which is heading for the steam 
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AVERAGE TEMPERATURE DIFFERENTIALS SHOWN BY CIRCUMFERENTIAL THERMOCOUPLES 


velocity at a Q value of 1.0, then, on the average, a change in the 
character of flow must take place at a Q-value of about 0.6. 
The averaging of the Q values from each source is inadmissible 
from a standpoint of the study of furnace performance but it may 
aid in clarifying the reasons for the lack of co-ordination between 
density measurements and temperature-differential measure- 
ments. 

The individual curves of Q values from density and tempera- 
ture differentials show variation which indicate that the applica- 
tion of co-ordinating factors derived from the averages are un- 
warranted because of the individual variations in burner position, 
rating, and cleanliness. 

In Fig. 7, for test No. 10, is shown the only instance in which 
the Q values derived from density exceeded those derived from 
the temperature differentials. The temperature-differential Q 
curve shows a higher rate of heat absorption in the area from 
about 5 ft above the hopper center line to a distance of about 45 
ft above the hopper. 

In Fig. 8, for test No. 11, the temperature-differential Q curve is 
consistently above that determined from densities. The AT—Q 
curve reflects the presence of an insulating deposit of ash about 30 
ft above the hopper. 

In Fig. 9, for test No. 13, the final value of the two curves is 
satisfyingly close. The presence of ash is indicated again by the 
AT—Q curve about 35 ft above the hopper. The fact that the 
burners were tilted up for this test is reflected in the low rate of 
increase in Q near the hopper. 

In Fig. 10, for test No. 14, the Q curve, obtained from density, 


breaks to a nearly constant value between points 3 and 5 but this 
is not reflected in the AT — Q curve. The rapid rise in Q values 
near the hopper indicates and confirms the effect of tilting the 
lower of two burners in each corner downward 30 deg while the 
upper was directed horizontally. 

In Fig. 11, for test No. 15, the final value of Q is only slightly 
higher than at point 4. The two curves agree for the first 10 or 
12 ft above the hopper, but then diverge, probably indicating the 
increase in relative steam velocities as the Q value increases. 
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The downward tilt of the burners caused the rapid increase in Q 
values near the hopper. 

In Fig. 12, for test No. 17, the density Q curve levels off at a 
low value in the upper half of the tube, and no explanation is ap- 
parent. No such effect is seen in the AT — Q curve. For this 
and all succeeding tests the burners remained horizontal, but 
the rating, excess air, and dirtiness were varied. Test no. 17 
was made with 35 per cent excess air at the furnace outlet and 
the same heat input as tests Nos. 14 and 15. 

In Fig. 13, for test No. 18, the effect of decreasing the eXCess 
air from 35 to 27 per cent and an increase in input from 462 to 


574 MM Btu is reflected. The curves are generally higher than 


those for test No. 17 and the AJ’ — Q curve reflects the presence 
of ash 35 or 40 ft above the hopper. 

In Fig. 14, for test No. 19, the excess air was held at 25 per 
cent, and the input dropped to 446 MM Btu. The curves are 
generally lower with the AJ’ — Q curve again reflecting the pres- 
ence of ash. 

In Fig. 15, for test No. 20, the input was held about constant 
but the excess air was dropped to 16 per cent. No significant 
difference between tests Nos. 19 and 20 is apparent on the Q 
curves. 

In Fig. 16, for test No. 21, the input was dropped to 334 MM 
Btu, the lowest value of the series, at normal excess air. The 
low value of input is not reflected in the AT — Q curve but may 
be the reason for the somewhat lower values of the Q curve from 
density. However, the lack of consistent variations in the Q 
values from density indicates that the relative velocities of steam 
and water are influenced by several other possible factors. 

In Fig. 17, for test No. 24, the input was 594 MM Btu, the 
highest value, and the excess air low at 11 per cent, the lowest 
value. The Q curve from density is low and does not reflect the 
high input, but the AY — Q curve does reflect the high input. 
No effect of ash deposits on the experimental tube is evident. 

In Fig. 18, for test No. 25A, the first of a series in which the 
wall blowers were not operated, the excess air was normal at 25 
per cent, and the input high at 5483 MM Btu. The Q curve from 
density is quite low but the AZ’ — Q curve is normal reflecting 
only a slight ash deposit. 

In Fig. 19, for test No, 25B, the input was raised slightly to 
578 MM Btu and the excess air dropped to 17 per cent to acceler- 
ate ash deposition. The two curves diverge rapidly but except 
for a slightly more noticeable flattening of the AT — Q curve 
about 30 ft above the hopper do not indicate any prondunced 
accumulation of ash. 

In Fig. 20, for test No. 25C, no significant changes in input or 
excess air were made. ener the effect of the deposit of ash 
is more pronounced. 

In Fig. 21, for test No. 25D, operating conditions were held 
as in the preceding tests but lie ash deposit apparently fell off 
because the AJ’ — Q curve does not show the characteristic flat- 
tening. 

In Fig. 22, for test No. 25E, operating conditions were the 
same as before. Ash deposits were present, however, as evi- 
denced by the characteristic flattening of the AT — Q curve. 

In Fig. 23, for test No. 26, the input was dropped back from 
584 to 470 MM Btu and the excess air restored to about normal 
at 28 per cent. It is interesting to note that the Q curve from 
density is linear for the upper two thirds of the length of the tube. 
The flattening of the AT — Q curve is quite pronounced at 
slightly above the burner elevation. 

Circumferential Temperature Studies. One tube in about the 
center of each wall was equipped with circumferentially dis- 
posed thermocouples at several of the elevations used for center- 
line couples. In a previous study (1), it was found that the sur- 


face temperature of tangent tubes was almost saturation tempera-_ 
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ture at the point of tangency. . Using the assumption, in this — 
case, that the surface tenrperature at the two points of tangency 
was 3 deg F above saturation, an average surface temperature 
for the exposed semicircumference was computed for each eleva-_ 
tion of each tube equipped with circumferential: couples. This 
average was expressed as a distribution factor by dividing it by 
the center-line couple. The average of all center-line couples in» | 
each wall at. each elevation was modified by the distribution 
factor and applied to the developed area of the wall in the region 
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estimated to be represented by that elevation of center-line 
couples. The total heat absorption of the furnace computed 
from such modified data was, in general, somewhat higher than 
other methods and probably could have been brought into line if 
it had been consistently high. However, the results were not 
consistently high and did not reflect variations in firing direction 
or other controlled variables to the same extent as did the other 
methods. It seems obvious that the use of a single tube in 
about the center of each wall provides an insufficient sample for 
the establishment of dependable distribution factors for an en- 
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tire wall. Furthermore, the close proximity of several welded 
guard rings provides a place of lodgment for ash particles which 
would not find similar lodgment a few inches away. The use of 
circumferential couples to establish distribution factors to reflect 
cleanliness factors is, however, indicated as an available method 
to confirm visual observation and calculated or observed factors, 
provided a sample of perhaps three tubes distributed along a 
wall is used. 

The heat absorption in the experimental tube was computed 
separately using its own surface-temperature-distribution factors 
and is plotted for each test from No. 10 to No. 26. The average 
center-line AT for the entire furnace is plotted on the same chart 
for each test with the experimental tube heat absorption for 
general comparison. It is obvious that the variations shown by 
the modified AT method are not reflected to the same extent by 
the average AZ for the entire furnace, indicating insufficient 
sampling. ; 

In Fig. 24, for test No. 10, the heat absorbed, as indicated by 
the arch under the curve, looks to be about the same as that of 
the average AT for the entire furnace if a factor of about 1000 Btu 
per deg AZ’ were used. The greater peak at 30 ft and the lower 
values at 47 ft probably indicate differences in the cleanliness 
conditiom-of the experimental tube, as compared to the average 
cleanliness condition indicated by the center-line couples. 

In Fig. 25, for test No. 11, the variations were less sharp, and 
the experimental tube indicated a somewhat cleaner condition 
than the average for the furnace. The peak absorption shifted 
to a slightly higher elevation (50 ft), although there was no 
change in the direction of firing. 

In Fig. 26, for test No. 13, although the peaks for the experi- 
mental tube and for the furnace average are at about the same 
elevation with the burners pointed up 30 deg, the shape of the 
curve for the experimental tube shows the pronounced effect of 
local ash deposits. 

In Fig. 27, for test No. 14, the curves are in fair agreement. 
With the downward direction of the lower four burners, the ef- 
fect of utilizing the lower furnace cooling surface more effectively 
is clearly evident. 

In Fig. 28, for test No. 15, with all burners directed downward, 
the peak absorption for the experimental tube is at 24 ft. The 
average of the center-line couples for the entire furnace is some- 
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what lower. In Figs. 27 and 28 the shoulder in the average 
curve at about 15 ft is attributed to the sloping hopper walls on 
the front and rear which, probably, are scrubbed effectively by 
the gases as they rotate in the furnace when the burners are 
pointed down. 

In Fig. 29, for test No. 17, the burners were directed hori- 
zontally as they were for all the remaining tests. The excess 
air was high at 35 per cent, but this did not prevent ash ac- 
cumulating at the 35-ft point. The same ash accumulation is 
not shown by the average curve for center-line couples. 

In Fig. 30, for test No. 18, at high input and normal excess air 
the two curves show the effect of ash accumulation at the same 
elevation. Obviously, however, the amount of the accumulation 
differs as between the experimental tube and the average and 
confirms the necessity for a broad sample. 

In Fig. 31, for test No. 19, the two curves are entirely different 
at moderate input and normal excess air. The only plausible 
explanation of the differences is local ash accumulation, perhaps 
accentuated by the guard rings. At any rate, we can certainly 
conclude that one tube cannot be taken as representing the entire 
furnace. 

In Fig. 32, for test No. 26, with moderate input and low excess 
air (16 per cent), the experimental tube indicates a generally 
higher ash accumulation in the first 40 ft. 

In Fig. 33, for test No. 21, with normal excess air and the lowest 
input of the tests (334 MM Btu), the upper parts of the curves 
are in fair agreement, but the lower parts show that the experi- 
mental tube was lower than the average. 
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In Fig. 34, for test No. 24, at high input and low excess air, the 
experimental tube indicated, in addition to differences in a ac- 
cumulation from the average, an increasing rate of absorption at 
the top 20 ft. This may be due to too high an indicated distribu- 
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tion factor or to reflected heat from ash accumulations at lower 
elevations. : 
In Fig. 35, for test No. 254A, operation was at normal excess air 


and fairly high input. A very high distribution factor at 17 it © 


resulted in the indicated peak. Such a factor results when the 
centerline temperature is low, perhaps because of a highly local- 
ized ash deposit, and the circumferential couples read normal 
in ash deposits. : 

In Fig. 36, for test No. 25B, the input was high and the excess 
air 17 per cent. Emphasis is drawn to the nenrepresentative 
character of the performance of a single tube. The average AT 
curve shows none of the variations shown by the experimental 
tube. 

In Fig. 37, for test No. 25C, the input and excess air were un- 
changed from the previous period but ash had been allowed to 
accumulate. The average curve shows little change from the 
previous period but the curve for the experimental tube does dif- 
fer quite materially. Again we have the indication of rising heat 
absorption at the upper 20 it. - 

In Fig. 38, for test No. 25D, we find an indication of a very 
high rate of absorption at the top of the experimental tube. 


; Although this might be due to reflected heat if the value was 


moderate, it is more likely that a highly localized ash deposit 
on the center-line couple is the reason, and to assume that such a 
distribution factor applies for a longer length of tube than that 
actually covered by the couples leads to an error. 


Fie. 31 
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In Fig. 39, for test No. 25E, only minor variations in the curves 
are evident, and these again emphasize the fact that a single tube 
is only accidentally representative of the furnace. 

In Fig. 40, for test No. 26, at moderate input and normal ex- 
cess air, ash accumulation is reflected both in the furnace average 
curve, and to a greater extent in the experimental-tube curve. 


CONCLUSIONS 


A comparison of the average quality of the fluid flowing in an 
experimental tube, as determined by computation from the sur- 
face temperature of the tube at the center line at several eleva- 
tions and the water velocity entering the tube, and as deter- 
mined by differential static pressures measured along the tube, 
shows the latter to be lower at all points. The indicated reason 
for the lower values obtained from static pressures is that the 


TRANSACTIONS OF THE ASME 


JULY, 1948 


80 [ 5 ae 1 bs 
70 lie i jj Se 
\ 
60 } } \ > >» 
| | \ 
| ‘50 Naat 
S 40 A ae 
3% J S 
<y 30 f. L ireee Su! 
a. / 
2) gee 
10 T im ‘i ia 
iE 1. 5 


(62 6") 10° » +20 u0n30 40 50 60 ‘70 80 
; HEIGHT ABOVE HOPPER ¢, FT. 


Test No. 25B; Heat ABSORPTION IN EXPERIMENTAL TUBE 
AND AVERAGE AT'S ror ENTIRE FURNACE 


Fie. 36 


~~ 
° 


AVG. AT F. ———— 
“"o@ 
°o 


MBTU /SQ. FT/HR. 


—_i— 
20 30 40 To) 60 70 80 
HEIGHT ABOVE HOPPER ¢, FT. 


° 
Evese'-6y '° 


Fic. 38 Test No. 25D; Hear AxssorPTrion IN EXPERIMENTAL 
TuBE AND AVERAGE AZ7'S ror ENTIRE FURNACE 


steam occupies more of the section near the heat-receiving side 
and the water more of the section near the casing side where the 
pressure taps were located. This apparently resulted in an in- 
dication of higher density than the average by the pressure-tap 
method. Extension of the connection to the hydraulic radius 
instead of ending it at the inner surface might have increased 
the derived quality. However, the variations in the difference 
between the two methods made the co-ordinating factors derived 
from the averages of doubtful value. Because the surface-tem- 
perature method did co-ordinate well with the difference between 
the heat input and heat leaving the furnace, it was used as the 
standard of comparison. 

Certain computations of steam and water velocities, based 
upon average quality indications, indicate that the steam flows 
faster than the water at an increasing rate up to a quality of 
more than 0.5 and less than 0.6, and thereafter the rate of in- 
crease in velocity changes slope and the increase is faster. How- 
ever, the records of individual tests show wide variations from 
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the average and indicate that the individual test differences in 
steam and water velocities are influenced by many factors which 
could not be controlled individually in the field. Therefore the 
hope of determining a Btu rate per degree AT was not realized by 
the method of densities and little hope was held out that changes 
in experimental technique would improve the results. 

The extensive investigation of the possibility of deriving a 
cleanliness or effectiveness factor from the indications of cireum- 
ferential couples indicated that the use of a single tube in each 
wall, for this purpose, did not provide a sufficiently extensive 
sample. Although total heat absorptions in the furnace were 
of the right order of magnitude, generally being somewhat higher 
than the absorptions indicated by the center-line couples, the 
variations in heat absorption caused by changes in firing direc- 
tion, excess air, and rating were not consistently reflected. The 
use of more elevations on perhaps three distributed tubes in each 
wall might prove to be sufficient sample and thus provide an ef- 
fectiveness factor independent of visual observation. 

Although the results of the investigation at Tidd in the two 
phases covered by this part of the report were negative in one 
phase and partly negative in the other, our understanding of the 
factors affecting furnace performance has been increased and 
should improve the effectiveness of investigations still to be car- 
ried out at other plants. 
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Appendix | 


DEVELOPMENT OF ForMULA USED FoR CoMPUTING VOLUMETRIC 
Quatity or MrxTurE IN ExPERIMENTAL TUBE 
In the experiment the difference in weight of the column of 
fluid within the tube and the column of water in the instrument 
connections outside the tube was balanced by the mercury column 
in the manometer so that 


“Weight of mixture within tube” plus “weight of mercury 
column” equals ‘‘weight of outside water leg’”’ ; 


The effect of friction was to retard flow and act as an increased 
weight on the left-hand side of the equation. The force required 
to accelerate the mixture reacted against the fluid and therefore 
would also have the effect of increasing the weight of the fluid 
within the tube. Both friction and acceleration force were 
found to be small and affected the quality determined by only a 
small percentage. However, friction was included but accelerat- 
ing force was omitted. The basic equation then became 


“Weight of mixture within the tube” plus ‘‘weight of mercury 
column” plus “friction” equals ‘‘weight of outside water leg’’ 


If 

Q = steam by volume in mixture, per cent 

X = steam by weight in mixture, per cent 

1 = length of tube between measuring points, ft 

ds = density of steam, lb per cu ft 
dw = density of water, lb per cu ft 

v, = specific volume of steam, cu ft per lb 

v, = specific volume of water, cu ft per Ib 


then the weight of the mixture within the tube can be written 
[xds + (1 — x)Odw]l, lb per sq ft 


or 


1 os 

[2 + o= 2) I, lb per sq ft 
Ug UF 

The latter, involving the steam by volume, is the expression 


used. 
If 


M = height of mercury column, in. 
du = density of mercury, lb per cu ft (849 at 100 F) 


then the weight of the mercury column can be written 


M ? 
ee = |lbpersqft or r X 849 = 70.75M 


12 
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If 


V = velocity of mixturé, fps 
v = specific volume of mixture, cu ft per lb 
D = internal diameter of tube, ft 


then the friction can be represented by the expression 
2fVl 
v,D 


g 


lb per sq ft 


in which f is taken as 0.006 and g is taken as 32.2. 
Because V and »v are unknown, it is desirable to convert them 
into the desired unknown and measured or tabular values so 


that the friction can be represented 


27 Vo? I E Qujry, | 
gDv? LL’ Quy +2, — Qu, 


in which Vo is the velocity of water as measured near the entrance 
to the tube. By reducing constants we have 


Quyr4g | 
mi Op Quy, 


The weight of the water column can be represented as 


0.0019 lwo? E 
v,/? if 

M 
[ + Z| OwW100 lb per sq ig 


This formula although cumbersome reduces to a simple quad- 
ratic and is readily solved for Q. 
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Appendix 2 


Conversion or Heat Rares Into QuALITY BY VOLUME 


The AT for the face couples on the experimental tube, ob- 
tained from the recorder and from less frequent readings by a 
portable potentiometer, were averaged. A factor of 1000 Btu 
per deg F was used to evaluate the rate of heat transfer. This 
factor was developed from k = 29 for the tube wall, and a film 
conductance of 12,000 Btu per deg F. Using the entering veloc- 
ity, decreased slightly to compensate for the small amount of 
steam made below the elevation of the Pitot tube, the heat ab- 
sorbed was converted to quality on the weight basis, and then to 
quality on the volume basis. 


Appendix 3 


DEVELOPMENT AND APPLICATION OF DISTRIBUTION FACTORS 


The distribution factor has been defined as the ratio of the 
average tube AZ’ around the exposed semicircumference to the 
AT at the center line of the tube. Because it was physically 
impossible to install thermocouples at the tangent points of the 
tubes after the tubes were in place, a AT of 3 deg F was assumed 
for each of the points and included in making up the average. 
The distribution factor reflects surface-ash accumulations and, 
if the sample is sufficient, would eliminate or confirm personal 
observations. The factor can be used to modify the center-line 
AT and provide a modified average AT’ which can be applied to 
the developed exposed furnace-tube area rather than the pro- 
jected furnace-tube area. 


An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


I1V—Comparison and Correlation of the Results of Furnace Heat-Absorption 
Investigations 


By A. R. MUMFORD! anp G. W. BICE,2 NEW YORK, N. Y. 


In this part of the symposium the three preceding sec- 
tions of the report are compared, and satisfactory co- 
ordination is accomplished for the first two sections. 
The tube-surface temperature measurements show fur- 
nace heat absorptions which can be co-ordinated with the 
absorptions indicated by the surveys of the gas conditions 
at the furnace outlet by applying a correction to the gas- 
temperature measurement, or by varying the tube-to- 
water film conductance. A method of evaluating fur- 
nace cleanliness is developed and applied. A suggested 
basis of comparing furnaces is discussed. 


‘ URING the past year and a half, four series of furnace- 
1B performance tests have been conducted on boiler No. 11 
at the Tidd Plant of Thé Ohio Power Company, under 
the sponsorship of the ASME Special Research Committee on 
Furnace Performance Factors. Three individual phases of this 
test work are reported in detail elsewhere in this issue (1, 2, 3),? 
which are component parts of the investigation, and will be 
referred to as Part I, Part IJ, and “Part III, respectively, 
hereafter. The purpose of this paper is to compare and correlate 
data from these three papers and to draw such general conclu- 
sions as may be warranted. 

The location of test points for each of these phases of the in- 
vestigation has been given separately in the individual reports. 
All of these test points, together with furnace-door and wall soot 
blower locations, are included on a single diagram in Fig. 1, 
which is a development of the furnace envelope, all walls being 
viewed from outside the setting as indicated in the “‘key plan” 
at the lower left of the diagram. 


Factors AFFECTING FURNACE PERFORMANCE 


A complete list of all the variable factors which might con- 
ceivably affect the performance of a fuel-fired furnace would be 
lengthy, and it is doubtful that any two engineers would compile 
identical lists. Therefore no attempt to list all such factors 
will be made herein. 


1 Development Engineer, Research and Development Depart- 
ment, Combustion Engineering Company, Inc. Fellow ASME. 

2 Engineer, Mechanical Engineering Department, American Gas & 
Electric Service Corporation. Mem. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of the 

aper. 

< Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, 
Chicago, Ill., June 16-19, 1947, of Taz Ammrican Society or Mz- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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The number of more important variables to be investigated 
is reduced materially in this report because only a single wall 
construction and one specific fuel are considered. 

In the test work at Tidd Plant the effects of four major varia- 
bles were investigated as follows: 


1 Heat available (approximately proportional to rating). 

2 Excess air. 

3 Direction of fuel firing. 

4 Relative cleanliness of water-cooled heat-absorbing sur- 
faces. 


The range of heat available values investigated was from 52,606 
to 95,000 Btu per hr-sq ft of flat projected water-cooled surface. 
These correspond to from 56.6 to 102.2 per cent of normal full- 


‘load rating on the boiler unit. 


The range of excess air values investigated was from 11 per 
cent to 35 per cent at the furnace outlet. Normal operating 
excess air is about 25 per cent at the furnace outlet. 

Variation in the direction of fuel firing was obtained by tilt- 
ing the burners. The investigation included tests with all 
burners tilted up 30 deg, all burners horizontal, all burners 
tilted down 30 deg, and a special case with the upper-row 
burners horizontal and the lower row tilted down 30 deg. 

Relative cleanliness of the furnace walls constituted the most 
difficult variable to evaluate. Previous tests have been de- 
scribed as being on the basis of furnace walls either ‘‘dirty”’ 
or ‘‘clean.”” Because the degree. of wall cleanliness varied from 
test to test, the foregoing classification has been found entirely 
inadequate. A detailed treatment of a method of evaluating 
furnace cleanliness will constitute a later section of this paper. 


Mernops ror DETERMINING FURNACE PERFORMANCE 


Several different methods for determining heat absorption in a 
water-cooled furnace are available. These methods may be 
classified under two general categories: (a), calculations from 
formulas using empirical factors; and (6), actual measurements 
using a sampling technique. 

An excellent example of the theoretical approach to furnace- 
performance calculation has been given by Wohlenberg (4), in 
which such basic radiation heat-transfer concepts as the Stefan- 
Boltzmann law, Kirchhoff’s law, and Lambert’s cosine law are 
combined with analytical geometry and physics to produce a 
number of formulas and curves. Due to the lack of data re- 
garding the behavior of many fundamental physical constants 
at elevated temperatures, the uncertainty involved in making 
several necessary assumptions and the volume of computations 
involved, such theoretical methods of predicting furnace per- 
formance have not: yet come into general use. Instead, em- 
pirical calculations based largely on previous test work on fur- 
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naces of similar size, design, fuel and firing method have been 
found to be more practical, and are currently used almost ex- 
clusively by boiler manufacturers in predicting furnace perform- 
ance for new and proposed boiler units. 

Several different methods employing experimental procedure 
have been used to measure heat absorption in water-cooled fur- 
naces (5, 6, 7). Possibly the most dependable of these methods 
involves measurement of gas temperatures leaving the furnace by 
water-cooled high-velocity thermocouples. Several other meth- 
ods of measuring gas temperature leaving the furnace have been 
tried, a few being the use of optical pyrometers, the determina- 
tion of sound velocity through the gas, and the use of radiation 
pyrometers and calorimeters. Spot heat-absorption rates in 
various representative individual tubes in furnace walls have 
been determined by measuring the temperature differential be- 
tween the outer tube-metal surface and the fluid within the tube 
by means of fixed tube-face thermocouples. Heat-absorption 
rates in various furnace zones have been measured by “thermal 


probes” (controlled-flow water-heating elements). The heat 
absorbed by individual tubes has also been determined by meas- 
uring the velocity and quality of the fluid at the inlet, and the 
quality at various incremental locations along the tube. While 
these are the most common experimental methods in use, several 
others have been tried, such as thermopiles, radiation windows, 
segregated tubes, ete. 


TEstTs 


The actual furnace test work undertaken at Tidd Plant has | 
been described quite thoroughly in Parts I, II, and III and will 
not be dealt with herein, except to outline what data have been 
excluded from this comparison and correlation, and to explain 
briefly the reasons for such exclusions. 

In the course of this investigation four series of tests have been 
conducted. The first series, consisting of tests Nos. 1, 2, 3, and 
4, was run at boiler age 3 months. Furnace outlet gas tempera- 
ture and composition traverses for these first four tests were 
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Heat-absorption rates per square foot of flat projected water- 
cooled surface have been plotted against heat available above 
80 F per sq ft of flat projected water-cooled surface in Fig. 3. 
Although average curves have been drawn, a close inspection 
will reveal that the agreement of individual points with the curves 
is erratic. This apparent lack of agreement is due principally 
to variations in the relative cleanliness condition of the furnace 
from test to test. Notwithstanding the cleanliness condition, 
the general effects of changes in excess air and burner position 
are quite evident. 

The behavior of burner position is especially interesting, as it 
illustrates clearly the effect of varying the effective volume of the 
furnace cavity by changing the location of the active combustion 
zone by varying the firing direction of the burners. To reduce 
this to basic concepts, the mass of hot furnace gases should be 
considered separately as they exist at any instant of time. Under 
any given set of conditions, a definite amount of heat will be 
radiated out from this mass of gases. Should it be surrounded 
by clean heat-absorbing surfaces having true black-body 
heat-absorbing characteristics, maximum heat transfer will 
occur. 

Returning to the specific case of the Tidd furnace, let it be 
assumed that all burners are tilted up 30 deg and that all heat- 
absorbing surfaces are completely clean and have true black- 
body heat-absorbing characteristics. From: numerous furnace 
inspections it is known that the lower surface of the mass of hot 
gases would not extend below a horizontal plane passed through 
the center line of the lower row of burners. Should the exist- 
ing furnace hopper bottom be replaced with a water-cooled floor, 
composed of tangent tubes and coincident with this horizontal 
plane, the same total heat transfer would occur on the new floor 
as on the existing hopper bottom, even though the flat projected 
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water-cooled surface would be reduced, and even though the 
intensity of heat transfer would be increased. 

To go a step farther, assume that instead of this flat floor a 
water-cooled hopper bottom extending down an additional 100 
ft were installed. Although the flat projected water-cooled 
furnace surface would be greatly increased, total heat transfer 
to the surface below the bottom plane of the flame would remain 
unchanged. This should indicate one of several possible errors 
involved in judging furnace performance solely on the basis of 
heat available per square foot of flat projected water-cooled fur- 
nace surface, as has become so common recently. 

In the Tidd furnace, ag the burners were tilted upward from the 
down position at a constant firing rate, the level at which com- 
bustion was completed moved upward toward the furnace exit. 
With thexburners in the down position, a maximum amount of 
furnace cooling surface was available to cool the gases before 
they reached the furnace exit, while with the burners in the up 
position a minimum amount of furnace cooling surface was 
available to cool the gases after completion of combustion. 
In each case the amount of furnace cooling surface and the 
amount of available heat was the same, and the ratio would not 
indicate the change in temperature of the gases leaving the furnace 
as a result of burner tilting. 

A sounder basis of comparison would be the heat available per 
square foot of flat projected water-cooled surface corrected by 
the. ratio of enve ope surface of the volume of radiating gases 
to the envelope surface of the total furnace cavity. Applica- 
tion of such a basis to the curves of Fig. 3 representing the hori- 
zontal and upward burner positions, would bring them into 
approximate agreement with the highest curve representing the 
downward position of the burners, and therefore would indicate 


the changes in effective furnace absorption brought about by 


changing the direction of firing. 

Furnace thermal efficiencies have been, plotted against heat 
available above 80 F per sq ft of flat projected water-cooled sur- 
face in Fig. 4. Agreement of the individual points with the 
curves is poor; however, it is again apparent that burner posi- 
tion (or flame envelope area) has a pronounced effect upon fur- 
nace performance. 


EFFECT OF SLAG AND ASH ON FuRNACE WALLS 


The relationships shown in Figs. 3 and 4 illustrate the effect 
on furnace performance of the first three of the four factors enu- 
merated under ‘‘Factors Affecting Furnace Performance.” The 
fourth factor, relative cleanliness of water-cooled heatzabsorbing 
surfaces, is undoubtedly the factor which is largely responsible 
for the failure of individual points on these graphs to agree more 
closely with the average curves. Relative cleanliness of water- 
cooled heat-absorbing surfaces is practically indeterminate and 
cannot readily be evaluated accurately. In a great many cases, 
it has been the explanation offered for nonagreement of data 
from various tests on the same or similar furnaces. 

Rather than merely recognizing the disturbing influence of 
this cleanliness factor in pulverized coal-fired water-cooled fur- 
naces, an effort should be made to observe and analyze the ex- 
tent of slag and ash deposits, and if possible to evaluate the mag- 
nitude of their influence on furnace performance. 

During each of the tests considered in this comparison and cor- 
relation, one or more® thorough visual examinations of all fur- 
nace surfaces were made, and observed conditions were recorded 
in detail in the form of “Furnace Observation Reports.’”’ These 
reports were rather lengthy and are not reproduced -in full. 
However,-an example is given in the Appendix. 


5 See Appendix for tabulation listing number of complete ‘Furnace 
Observation Reports”’ available. 
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(a) The S-A factor of a given increment of water-cooled sur- 
face, all portions of which are in approximately the same cleanli- 
ness condition, is defined as the ratio of the actual heat-absorb- 
ing capacity of the surface to the heat-absorbing capacity of the 
same surface when completely clean. 

The effectiveness factor of any zone in a water-cooled 


“SA” anp EFFECTIVENESS FACTORS 


In order to evaluate the’ effect on furnace performance of slag 
and ash deposits adhering to the water-cooled surfaces, some 
‘means must be established for translating the descriptions of 
prevailing conditions, contained in the furnace observation 
reports, into numerical factors. This has been done by the use of (b) 


S-A (slag ‘and ash) factors and effectiveness factors. As used 
herein, these factors may be defined as follows: 


furnace is defined as the average, weighted according to area, 
of the S-A factors of all of the separately considered increments 
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within that zone. Following the same line of reasoning, the ef- 
fectiveness factor for the total furnace would be the average, 
weighted according to area, of the effectiveness factors for the 
various zones comprising the total furnace. 

The general procedure used in determining zone effectiveness 
factors was similar for all zones where prevailing cleanliness 
conditions were described in sufficient detail in the furnace 
observation reports. This procedure consisted of estimating the 
percentage of each wall (or roof or section of outlet screen) cov- 
ered with slag or ash of each thickness range. Each percentage 
was then multiplied by the S-A factor assigned to its thickness 
range, and these were totalized. Actual values of S-A factors 
and slag or ash thickness ranges used, together with the S-A num- 
ber identification, are given in Table 2. The relationship repre- 
sented by the S-A factors of Table 2 is shown graphically in Fig. 


é. 
TABLE’2 S-A (SLAG-ASH) FACTORS 


S-A number Average thickness of S-A multiplying 


identification slag or ash deposit, in. factor 
S-A 0 0 to 1/z 1.0 

°- §-Al 1/39 to 1/4 0.7 
S-A 2 1/4 to 0.5 
S-A 3 1 and over 0.3 


Selection of these particular slag-ash ranges was to a large ex- 
tent arbitrary, whereas selection of the multiplying factors was 
guided by the test data. 

The thickness ranges used were chosen as representing com- 


*mercially clean surface (S-A 0), thinly covered surface (S-A 1), 


moderately covered surface (S-A 2), and heavily covered surface 
(S-A 3). Use of a greater number of thickness ranges would 
complicate the observer’s task unduly, and probably would not 
increase the accuracy of the resultant effectiveness factors ap- 
preciably. 

Values for the S-A multiplying factors were selected as a re- 
sult of studies of the behavior both of individual wall-tube ther- 
mocouples and of averages of wall-tube thermocouples for entire 
walls or sections of walls. Referring to Fig. 5, the lowest expected 
theoretical S-A multiplying factor would approach 0.2 with 
very heavy ash coverage. Such coverage would probably re- 
duce heat absorption of the covered surface even more than this; 
however, some compensating increase in over-all furnace absorp- 
tion would be expected due to reradiation ffom the hot face of 
the slag or ash covering. 

Referring to Fig. 6, “Behavior of tube wall AT at mid-point 
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in each wall, elevation 698 ft, where ash was alternately building 
up and falling off, test No. 11,” it can be seen that the ratios of 
minimum AT to maximum AT during the 7-hr period under 
consideration were 0.27, 0.24, 0.28, and 0.20 for the front, rear, 
right, and left walls, respectively. The ‘Estimated Characteris- 
tic Curve” in Fig. 5 was based upon these and other similar 
ratios from the available test data. 

It is hoped that additional experimental work in the future 
will include data suitable for use in either verifying or modify- 
ing these S-A multiplying factor values. 

In order to evaluate furnace effectiveness factors, the furnace 
has been divided into five “zones.” The areas, in square feet_of 


. flat projected water-cooled heat-absorbing surface and in per cent 


of total area, are given in Table 3. These are shown diagrammati- 
cally in Fig. 7 which is a development of the furnace envelope, 
viewed as shown in the key plan, Fig. 1. 


TABLE3 DIVISION OF FURNACE INTO ZONES FOR S-A FACTOR 


EVALUATION 
; . Projected area Percent 

Zone identification sq ft area 
Hopper 2one: . 32s ck eee eee 945 14.7 
Lower burner zone: ..2. ssa. 2. See domes 905 14.1 
iipper: burner 20ne soca.) eee oe 1300 20.2 
Mud drum zone..... Bes ee 1730 .26.9 
Gutlet zones. 52. Sac sees eee ee ee 1550 240i 
Total: furnkee sso... sock See ee ee ee 6430 100.0 
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ConpITIOon oF HEATING SuRFACES 


Facilities for observing the condition of heating surfaces and 
the specific procedure used in determining S-A factors are dis- 
cussed in some detail as follows: 


‘Hopper Zone. Al\\ surfaces in this zone were plainly visible 
from doors at elevation 679 ft. In general, the hopper slopes and 
adjacent side walls remained relatively clean. Only during 
tests Nos. 14 and 15, when burners were tilted downward, were 
sufficient ash deposits present to warrant mention fn the fur- 
nace observation reports. Thus for all other tests, an effective- 
ness factor of 0.98 was assigned to all surfaces in this zone. 

Lower Burner Zone. Practically.all surfaces in this zone were 
also plainly visible from the doors at elevation 679 ft. Conditions 
for all four walls in this zone were described at length in all fur- 
nace observation reports for all tests; therefore the general 
procedure was followed in determining effectiveness factors. 

Upper Burner Zone. This was the only zone in the furnace 
where it was impossible to see all walls clearly. Approximately 
60 per cent to 80 per cent of the right and left walls were visible 
from the front and rear wall corner doors at elevation 689 it 
during all tests except test No. 15, when the coal-air stream from 
the upper burners seriously obstructed vision. The front and 
‘rear walls could not be seen from this level at any time as the 
secondary-air ducts blocked both walls completely. The upper- 
most portions of all four walls could, however, be seen from a 
very steep angle and to a limited extent from the doors at eleva- 
tion 7131/, ft during many of the tests. 

The assignment of reasonably accurate effectiveness factors 
for this zone was quite difficult for obvious reasons; however, it 
was decided to estimate the total effectiveness factor from the 60 
to 80 per cent of the side walls visible from elevation 689 ft, and 
to modify this figure slightly for such observations as were availa- 
- ble from elevation 7131/2 ft. The effectiveness factor for this 
zone for test No. 15, when visibility was almost zero, was as- 
sumed to be the same as the average for the two observations 
made during test No. 14. : 

Mud-Drum Zone. Practically all surfaces in this zone, were 
visible from the doors at elevation 7131/2 ft. Conditions for the 
‘walls and lower portion of the furnace outlet screen were de- 
scribed in detail in the furnace observation reports for all tests 
except tests Nos. 14 and 15, when surfaces were simply reported 
to be clean. Where conditions were described completely, the 
general procedure was followed in determining effectiveness fac- 
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tors. For test No. 14, the effectiveness factor was taken as 0.98 
during the first observation, and 0.96 during the second observa- 
tion. During test No. 15 the effectiveness factor was assumed _ 
to be equal to the average for the two parts of test No. 14, or 
0.97. 

Outlat Zone. All surfaces in this zone (walls, outlet scregn, 
and roof) were clearly visible from doors at elevations 724 ft and 
72A ft. Out of the 27 observations made, complete statements 
concerning surface conditions in this zone were reported for 18 
observations, and the general procedure was followed in deter- 
mining effectiveness factors. For the remaining nine observa- 
tions, when the zone was simply reported to be clean, an effec- 
tiveness factor of 0.98 was used. 

The percentage of area at each S-A number for each zone is 
given in Table 4 for all tests. It is to be noted that several of the 
tests have been subdivided into two parts; and test No. 25 into 
five parts, in this table. This has been done so that effectiveness 
factors could be obtained for each separate furnace observation 
report, where two or more reports showed significant changes in 
the cleanliness condition during a given test. Effectiveness 
factors computed from these percentages for all five zones and 
for the total furnace are also given in Table 4. 

Computed effectiveness factors for the individual zones varied 
from 4 maximuin of 0.98 for the hopper and outlet zones during 
many of the tests’ to a minimum of 0.68 for the lower burner 
zone during test No. 20B (second half of a low excess air run), 
when the walls were described as being about one quarter cov- 
ered with “a sheet of semifused slag,” and somewhat over one- 
quarter covered with “strips of sponge ash,” averaging #/, in. 
thick. Total furnace effectiveness factors varied from a maxi- 
mum of 0.95 for tests Nos. 13, 14A, and 21A to a minimum of 
0.86 for tests Nos. 18B and 25E. Thus while the range of ef- 
fectiveness-factor variation for individual zones was fairly wide, 
the range for the total furnace was surprisingly small, covering 
only about 10 per cent. 


CrecumMFEeREeNTIAL Tupe Surrace TEMPERATURES 


An extensive investigation of the possibility of confirming 
the empirically evaluated effectiveness factors was undertaken 
by applying the surface temperature distribution factors ob- 
tained from the single tube’in the center of each wall equipped 
with circumferential thermocouples to the center-line tempera- 
tures measured for the remainder of the wall. On the hypothesis 
that ash deposits would build up between tubes and gradually 
accumulate to cover the entire circumference, the circumferen- 
tial temperatures were critically examined and distribution fac- 
tors developed for each elevation on each wall These factors 
were simply ratios of the average AT around the circumference 
to the center line AT. : 

In general, these factors were found to be considerably lower 
than the effectiveness factors based on visual observations and 
resulted in furnace efficiencies which were inconsistent in most 
cases. The assumption that a single tube in the center of a wall 
could be taken as representative of the entire wall was evidently 
erroneous due to insufficient sampling. Additional tubes equip- 
ped with circumferentially disposed thermocouples might have 
eliminated some of the inconsistencies. However, the welded 
guard ring used on this type of measuring device is a potential 
point of-lodgment for ash and might result in an indication of a 
lower temperature than would exist an inch or more from the 
measured point. 


£ The highest zone effectiveness factor value used in any case was 
0.98, as a certain amount of ash in the form of a dust coating was 
always present except possibly in the areas affected by wall soot 
blowers immediately following their operation. 
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FURNACE PERFORMANCE CORRECTED TO CLEAN Basis 


The individual test points in Figs. 3 and 4 were not in suf- 
ficiently close agreement with their average curves to represent 
the degree of correlation which might have been expected from 
various tests of the same furnace fired with coals of similar 
analyses..- In order to obtain a better correlation, and also to 
establish a sounder basis for comparison with other similar fur- 
naces fired with the same or different coals, the heat-absorption 
rates have been corrected to a theoretical clean furnace’ condi- 
tion through the use of effectiveness factors as evaluated from the 
furnace observation reports. Furnace performance data, cor- 
rected to this theoretical clean basis, are given in Table 5. The 
corrections have been made by dividing the various absorption 
values by their corresponding total furnace effectiveness factors. 

Fig. 8 shows corrected heat-absorption rates plotted against 
heat available above 80 F. A comparison of this plot with 
the corresponding uncorrected plot in Fig. 3 will reveal that the 
average curves have been raised about 10 per cent and that the 
individual points are in much better agreement with their aver- 
age curves. 

Upon several occasions it has been suggested that furnace ef- 
ficiencies should be based on the heat available above satura- 
tion temperature rather than above 80 F. In a complete steam- 
generating unit, certain component parts, such as an economizer 
and an air preheater, are capable of absorbing heat at a ther- 
mal level below boiler saturation temperature; therefore a thermal 
level corresponding ta an established standard entering-air tem- 
perature of 80'F has been accepted as a basis for calculating over- 
all efficiency.” When consideration is limited to a furnace com- 
posed of steam-generating tubes only, the capability for absorb- 
ing heat at a thermal level below saturation temperature does not 
exist. Thus it would seem that a logical argument could be 
advanced to support the use of the saturation temperature. 

Since it is beyond the scope of this paper to attempt to judge 
which basis is actually the more valuable for comparing furnace 
performance, corrected efficiencies have been calculated on both 
bases and are included in Table 5. 

Fig. 9 shows corrected furnace thermal efficiencies based upon 
heat available above 80 F. A comparison of this plot with the 
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corresponding uncorrected plot in Fig. 4 will reveal that here 
again, as in the case of heat-absorption rates, the corrected values 
are correspondingly higher than the uncorrected values, and the 
individual points are in good agreement with their average curves. 

Fig. 10 shows corrected furnace unit efficiencies based upon 
the heat available above saturation temperature (585 F). Ef- 
ficiencies on this basis are of course higher than upon the more 
common heat available above 80 F basis. Individual points 
are in excellent agreement with the average curves in the graph; 
furthermore, the curves appear to be increasing toward 100 per 
cent efficiency at zero heat available, which is probably the logical 
trend for them to take, considering the thermal level upon which 
they are based. 


CONCLUSIONS 


The following conclusions drawn from this comparison and cor- 
relation apply only to Tidd boiler No. 11, and to the type of coal 
used during the investigation. 

Either of two general types of test technique have been found 
suitable for measuring furnace performance, Le., determination 
of local rates of heat absorption of the walls by a relatively large 
number of uniformly distributed tube-face thermocouples; and 
determination of the sensible heat in the gases leaving the furnace 
by high-velocity thermocouple and orsat traverses. 

An acceptable correlation of heat-absorption values can be ob- 
tained from these two methods by using a heat-transfer rate 
corresponding to a metal conductivity of 29 Btu/sq ft-hr-F/ft, 
and a steam-water film conductance of 5000 Btu/sq ft-hr-F for 
the former, and specific heats according to Heck (9), and thermo- 
couple radiation corrections according to Mullikin (8) for the 
latter. 

Only one tube was used for studies of variation in density and 
comparison with heat absorption as computed from tube-surface 
temperature measurements. Obviously the evaporation in this 
one tube could not be applied to the furnace because it could not 
be classed as a representative sample. However the final qual- 
ity of the mixture leaving the tube, as computed from the surface 
temperature measurements, and the velocity of the water near the 
entrance to the tube did not agree too closely with the final qual- 
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ity as determined by density measurements. These values 
are given in tabular form in Part III of the symposium. Inter- 
mediate values of quality determined by each method did not 
agree very well and the conclusion was reached that the density 
method is too strongly influenced by other factors, such as pos- 
sibility of excessive slip on the hot side of the tube, to be an ac- 
curate measuremeat. 

The average furnace heat-absorption rate increases, but the 
furnace efficiency decreases, as the heat available increases, as 
shown in Figs. 3 and 4. The efficiency curves appear to be ap- 
proaching a constant gradually at the higher heat available 
values. 

The average furnace heat-absorption rate increases approxi- 
mately 0.7 per cent for each 1 per cent decrease in excess air 
leaving the furnace over the range of 15 to 35 per cent. 

The average furnace heat-absorption rate decreases 11 per cent 
when all burners are tilted up 30 deg and increases approximately 
13 per cent when al! burners are tilted down 30 deg on the as- 
measured basis, Fig. 3. When corrected to a clean furnace basis, 
the decrease due to tilting all burners up 30 deg becomes approxi- 
mately 16 per cent, while the increase due to tilting all burners 
down 30 deg remains about 13 per cent, Fig. 8. The relatively 
large effect of furnace cleanliness upon heat absorption with the 
burners up can be attributed to the decrease in ash deposition on 
the walls in the lower portion of the furnace which are not sub- 
jected to impingement of the hot ash particles carried by the flame. 

The effect of relative cleanliness upon furnace performance 
represents the most difficult of the variables to evaluate; how- 
ever, by making thorough observations of all visible furnace heat- 
absorbing surfaces and interpreting such observations carefully 
by means of the S-A factor procedure outlined herein, furnace 
“effectiveness factors’? may be computed. By using these ef- 
fectiveness factors to correct measured heat-absorption rates, 
performance of the furnace under a theoretical “‘clean’’ condition 
can be approximated. This should permit future comparison 
of the performance of differently shaped furnaces fired with 
various fuels, regardless of the relative cleanliness. of the furnace 
heat-absorbing surfaces due to age, cleaning facilities and sched- 
ules, load-variation cycles, fuel analyses, etc. In this investiga- 
tion, use of total furnace effectiveness factors varying from 0.86 
to 0.95 have made possible a much better correlation of data from 
the various tests than was possible without their use. 


A SuGGESTION FOR FuTURE SIMILAR INVESTIGATIONS 


An improvement over the method used during the Tidd in- 
vestigation for reporting relative furnace cleanliness conditions 
is available, and is recommended for any future similar work in 
which the evaluation of effectiveness factors is deemed advisable. 
This would involve use of a pad of small diagrams of a develop- 
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ment of the furnace envelope, to scale (similar to those used for 
Fig. 1 and 2), on which estimated percentages of deposit cor- 
responding to each S-A number could be written for various 
incremental areas. The areas to be used could be sketched in 
during each inspection to suit prevailing conditions. These 
could be interpreted quite easily, even after long periods of time, 
and would constitute a much more precisely defined basis for 
computation of effectiveness factors than would written de- 
scriptions of the type used in the Tidd investigation. 
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Appendix 


The number and times of all complete furnace observations 
made, together with start and finish times for the test and wall 
soot blower operation (if any) are given in Table 6. 

Furnace observations were made, in all cases, by one of the 
authors, usually accompanied by one or two of several other 


’ participating engineers who corroborated the opinions formulated 


before they were written down in their original rough form. 

In Part I a few phrases were quoted from the furnace-observa- 
tion reports for test No. 19, and the descriptions contained therein 
were compared with furnace wall photographs and the corres- 
ponding over-all average isothermal diagram. In order to ex- 
hibit more clearly how S-A factors were selected and averaged to 
obtain zone effectiveness factors, the two furnace observation re- 
ports for test No. 18 will be quoted in their entirety herein, and 
original calculations reproduced, as follows. 
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FURNACE OBSERVATION REPORT—TEST NO. 18 
8:00 am to 4:00 pm (EST) June 5, 1946 . 


TRANSACTIONS OF THE ASME 


TABLE 6 LOG OF COMPLETE FURNACE-OBSERVATION REPORTS 


Soot-blower 


Test oper. time, 
No. finish 
10 
11 8:00 am 
13 8:00 am 
14 8:00 am 
15 8:00 am 
ibys 8:05 am 
18 7:45 am 
19 7:30 am 
20 7:30 am 
gcd 7:05 am 
24 anenerte 
25A 11:00 am 
25B (a) 
25C (a) 
25D (b) 
25E (0) 
26 7:30 am 


-——Time of tests——\ 
Start Finish 
12:20 pm 10:00 pm 
9:20 am 4:20 pm 
12:40 pm 4:40 pm 
10:00 am 5:30 pm 
9:40 am 3:20 pm 
8:30 am 4:30 pm 
8:00 am 4:00 pm 
8:00 am 4:00 pm 
8:00 am 4:00 pm 
7:30 am 3:30 pm 
1:10 pm 4:10 pm 
11:50 am 3:20 pm 
9:05 am 11:25 pm 
1:15 pm 3:45 pm 
9:00 am 12:00 n 
2:00 pm 5:00 pm 
8:00 am 1:00 pm 


Number of 


furnace 
observa- 
tions 


2 


Meee eee tft tm th UutDlUlUOUNDUCULNCULDN OU 


——Time of observations—— 


Start Finish 
1:00 pm 1:45 pm 
9:00 pm 9:30 pm 
9:00 am 9:30 am 
4:15 pm 4:45 pm 
10:15 am 10:45am 
4:15 pm 4:45 pm 
10:30 am 11:00 am 
4:30 pm 5:00 pm 
10:20 am 11:00 am 
3:15 pm 3:45 pm 
9:30 am 10:30 am 
3:00 pm 4:00 pm 
8:30 am 9:45 am 
2:30 pm 3:45 pm 
8:45 am 9:45 am 
2:40 pm 3:30 pm 
8:15 am 9:30 am 
2:30 pm 3:20 pm 
8:45 am 9:45 am 
2:15 pm .3:00 pm 
2:20 pm 3:00 pm 
12:45 pm 2:00 pm 
9:00 am 10:00 am 
3:30 pm 5:00 pm 
9:00 am 10:00 am 
4:15 pm 5:15 pm 
8:20 am 9:00 am 


(a) Tests Nos. 25B and 25C were conducted the day following test No. 254. - 
(b) Tests Nos. 25D and 25E were conducted the second day following test No. 25A. 


Furnace-wall soot blowers were operated from 6:45 a.m. to 7:45 a.m. 


Location 


Elevation 679 ft: 
The center half of the front 


Front wall 


Right wall 


Rear wall 


Left wall 


Burners 


First observation 
8:30-9:45 a.m. 


wall was approximately 50 
per cent covered with 
sponge ash from about 2 ft 
above the operating floor 
up to the lower burner 
level. The ash was a 
maximum of ‘1 in. thick 
near the bottom to 3 or 4 
in.’ thick just below -the 
lower burner level. 


The front half of the right 


side wall was approxi- 
mately 50 per cent cov- 
ered with sponge ash and 
semifused slag starting 4 
ft above the operating 
floor and increasing up to 
burner level. This deposit 
Was approximately 1/, in. 
minimum thickness to 2 
in. maximum thickness 
near the burners. Small 
vertical strips of this de- 
posit were noted to be’ 
peeling off occasionally. 


The right half of the rear wall 


was approximately 25 per 
cent covered with 1/:-in- 
thick sponge ash from 3 ft 
above the operating floor. 


The rear half of the left side 


wall was approximately 25 
per cent covered with dry 
ash up to !/»,in. thick start- 
ing about 3 ft above the 
operating floor. 


Flame from the right rear 


burners was impinging or 
sweeping along the right 
half of the rear wall. 


Second observation 
2:30-3:45 p.m.» 


The condition of this 
wall was unchanged, 
except for a possible 
increase in the thick- 
ness of sponge ash 
near the burners. 


This wall appeared to 
be slightly dirtier 
than during the pre- 
vious inspection. 


There was no apparent 
change in the condi- 
tion of this wall. 


Elevation 689 ft. 
Right wall 


Left wall 


(Burner Level): 


The rear two thirds of the 


right side wall was ap- 
proximately 50 per cent 
covered with a thin semi- 
fused slag and sponge ash; 
thickness appearing to be 
1/2 to /4in. This deposit 
was almost a continuous 
sheet just to the rear of 
center. 


The front half of the left side 


wall was approximately 50 
per cent covered with 
sponge ash of !/2 in. aver- 
age thickness. 
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The rear two thirds of 
the right side wall 
was approximately 
80 per cent covered 
with a thick hard 
semifused slag; thick- 
ness being approxi- 
matély 1/p to 2 in. 
This deposit was the 
heaviest and most 
continuous at the 
elevation between 
the two burners. At 
the center a 1-ft- 
wide strip was bare, 
apparently having 
fallen off just prior 
to this inspection. 


The front three fifths 
of the left side wall 
was approximately 
90 per cent covered 
with sponge ash. 
One spot, from one 
third to one half of 
the distance back 
contained slag ex- 
tending out 6 to 10 
in. thick. At the up- 
per, burner level de- 
posit was heavier ex- 
tending back ap- 
proximately three 
fourths of the way 
and ranging in thick- 
ness from 1/2 to 3 in. 


Front and rear walls were not visible at this elevation. 


There was no apparent 
change in the condi- 
tion of this wall. 


Similar flame impinge- 
ment, but of a less 
steady nature, was 
noted. There was no 
indication of unusual 
heavy ash or slag de- 
posits resulting from 
this impingement. 


Elevation 7131/>» ft. 
Front wall 


(Mud-Drum Level): 


Light spotty ash deposits 


were scattered over the 
sides of the tubes into 
which the firing circle was 
directed. 


There was no apparent 
change in the condi- 


tion of this wall at. | 


mud-drum level; 
however,down about 
8 ft there appeared 
to be considerably 
more ash, and as 
near as.could be seen 
there was semifused 
slag just above the 
burners. 


Right wall 


Rear wall 


Left wall 


Small 
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wall was the same as that 
of the front wall, except 
that possibly light spotty 
deposits were slightly lar- 
ger individually. 


spotty deposits of 
sponge ash were scattered 
over most of the rear wall 
and were relatively numer- 
ous. 


The left wall appeared to be 


clean. -It is quite probable 
that the same type of de- 
posit, as noted on the front 
walls, was on the sides of 
the tubes not visible from 


the door (front) from 
which this wall was 
viewed. 


* Boiler screen Semifused slag was just be- 


ginning to form on the bot- 
tom half of the slag screen 
tubes. 


Elevation 724 ft: 


Front wall 


Right wall 


Left wall 


Boiler screen 


There were light spotty ash 
deposits visible from the 
left wall door; 
these deposits were not 
visible from the right wall 
door. 

There were light spotty ash 
deposits on part of the 
right wall at this elevation. 


The left wall appeared to*be 
clean. 

On the left-hand side the 
front one third of the tubes 
had 1/3 to 1/4 in. of dust. 
On the right-hand side the 
front half of the tubes had 
up to 1 in. of semifused 
slag which was spotty and 
uneven. 


Elevation 734 ft: 
All walls and the roof were clean at this elevation, except for what 


appeared to be a normal thin coating of dust. 


however, 


The condition of the right* The right side wall was 


considerably dirtier 
than at the first in- 
spection, being ap- 
proximately 75 per 
cent covered with 
nodules of sponge 
ash at this level and 
increasing almost to 
a solid cover from 1 
to 3 in. thick down 8 
or 10 ft below the 
mud drum. 


There was no apparent 
change in the condi- 
tion of this wall just 
below mud-drum 
level; however, 8 to 
10 ft down the de- 
posit appeared to be 
considerably heav- 
ier. 

The rear half of this 
wall was covered 
with plainly visible 
thin dry nodules of 
sponge ash. Ap- 
proximately 8 ft be- 
low this level the 
wall appeared to be 
covered with 1 to 4 
in. of semifused slag. 

The bottom of the slag- 
screen tubes was 
covered with semi- 
fused and running 
slag; thickness being 
approximately 1 in. 
on the left-hand side 
and 3 in. on the 
right-hand side. 


There was no apparent 
change in the condi- 
tion of this wall. 


There was no apparent 
change in the condi- 
tion of this wall. 

The left wall appeared 
to be clean. 


The only change in the 
condition of the slag 
screen was an in- 
crease in thickness of 
the semifused slag 
on the right side 
from 1 to 2 in. and 
more nearly uniform 
than before. 


There appeared to be more flame (or incandescent gas) at the top of 
the furnace than noted previously, except when burners were tilted 
upward. 30 deg. 


EVALUATION OF SURFACE INCREMENTS IN TERMS OF S-A Num- 
BERS AND CALCULATION OF EFFECTIVENESS FACTORS 


Hopper Zone (14.7 per cent of total area): 


A zone-effective- 


ness factor of 0.98 was assigned, as no deposits were noted during 
either of the two furnace observations; this in accordance with 
adopted procedure described in the preceding text. 


Lower Burner Zone (14.1 per cent of total area): 


First and 


second obsérvations were combined for evaluation in this zone as 


al 
2 
at SAuou =o 
by difference, S 


. 5 per cent at S-A 2 

20 per cent at S-A 3 

5 per cent at S-A 1 

5 per cent at S-A 2 

15 per cent at S-A 3 

seaual One fore 10 per cent at S-A 1 

b L *...10 per cent at S-A 2 
4 = 3.75 per cent— 4 per cent 
4= 5.0 percent— 5 per cent 
4 = 8.75 percent— 9Q per cent 
= 82 per cent 


100 per cent 
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Zone effectiveness factor = (82 +4 0.7+5xX0.54+9 xX 
0.3) + 100 = 0.90 


Upper Burner Zone (20. 


2 per cent of total area): 


As explained 


in the text, the front and rear walls were not visible in the upper 


burner zone; 


therefore it has been necessary to assume that 


their over-all condition was equivalent to the average of the right 


and left walls. 


First observation (18A): 


Righten meena ear 10 per cent at S-A 1 
15 per cent at S-A 2 
10 per cent at S-A 3 
i 92) i Aree ee eA ee eACRE A c 10 per cent at S-A 1 
15 per cent at S-A 2 
Dat S-Al = 20 + 2 = 10 per cent i 
PE BP ees OUR ee 15 per cent 
LDatS-A3 = 10+ 2 = 5 percent 
by difference, S- a QO = 70 per cent 


100 per cent 


Zone effectiveness factor = (70 + 10 X 0.7 +15 X 0.5 + 
5 X 0.3) + 100 = 0.86 


Second observation (18B): 


Rightagese ne 

1B Aeon 
Dat S-Al = 20 + 
> at S-A 2 = 50 + 
Dat S-A 3 = 40 + 
by difference, S-A 


ater renee 10 per cent at 


10 per cent 
25 per cent 
20 per cent 
45 per cent 


100 per cent 


LOE NOH We) 


Zone effectiveness factor = (45 + 10 X 0.7 + 25 X¥ 0.5 + 


20 X 0.3) + 100 


= 0.705 


Mud-Drum Zone (26.9 per cent of total area): 
First observation (18A): 


Bronte jcc aetna es 10 per cent at S-A 1 
Righteceacte a eee ee 15 per cent at S-A 1 
Rear and Screen........ 15 per cent at S-A 1 
Oh tessat-neve se encnseta eee cae 10 per cent at S-A 1 
DatS-Al = 50 + 4 .5 per cent — 12 per cent 


by difference, S-A 0 


.5 per cent — _88 per cent 
100 per cent 


Zone effectiveness factor = (88 + 12 X 0.7) + 100 = 0.964 


Second observation 


(18B): 
eee 15 per cent at S-A 1 
10 per cent at S-A 2 


..20 per cent at S-A 1 
15 per cent at S-A 2 
cent at S-A 3 


sts ‘....15 per cent at S-A 1 
15 per cent at S-A 2 

15 per cent at S-A 3 

Beas ein 15 per cent at S-A 
10 per cent at S-A 

A 


1 
S-A 2 
10 per cent at S-A 3 
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Dat S-A 1 = 65 + 4 = 16.25 per cent — 16 per cent eft. moma te ty Se tea | O per cent 
Dat S-A 2 = 50 + 4 = 12.5 percent — 12 per cent Scnee@Mins ote aaa eee 10 per cent at S-A 1 
ZatS-A 3 = 50 + 4 = 12.5 percent — 12 per cent ; 10 per cent at S-A 2 
by difference, S-A0O = _ 60 per cent 5 per cent at S-A 3 
* 100 per cent INGOs | Sonate ipo nese 0 

Zone effectiveness factor = ‘(60 + 16 X 0.7 +12 X 0.5 + ZatS-Al = 20+5 = 4 per cent 

12 * 0.3) + 100 = ee DatSA2=10+5= 2 percent 

DatS-A3= 5+5= 1 per cent 
= _93 per cent = 


Outlet Zone (24.1 per cent of total area): First and second observa- by difference, S-A 0 


tions were combined for evaluation in this zone as follows: 


ROT Gane eke estes tincaca tees 5 per cent at S-A 1 
Rightesvene cs ces et tan DIDeDACen tat OmA 


100 per cent 


Zone effectiveness factor = (93 + 4X 0.7+2X05+ , 
1°< 10.3) = 100° = 0,971 


TABLE 7 COMPUTATION OF TOTAL FURNACE EFFECTIVENESS FACTORS 
-——Effectiveness factor——. Effectiveness factor X per cent 
area 
Area, Test No. Test No, Test No. Test No. Test No. Test No. 


Zone per cent 18A 18B 18 (avg) 18A 18B 18 (avg) 
14.7 0.98 0.98 0.98 14.4 -14.4 14.4 


EL ODD ON Sar cenerel enya rete aeecs 
ower DUrMer ene anerie cere oe 14,1 0.90 0.90 0.90 12.7 12.7 12.7 
Upper burners tee 20.2 0.86 0.70 0.78 17.4 14.1 15.8 
Niiid sdrumitece aise ie ae 26.9 0.96 0.81 0.88 25.8 21.8 23.7 
OQutle tee teptenccrraen orm 24.1 0.97 0.97 0.97 23.4 23.4 23.4 

: 100.0 93.7 86.4 90.0 
Total LUrNae sco. ius sp ivleieiene 0.94 0.86 0.90 


An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


Discussion’ 


W.F. Davipson.? In Part I, Figs. 5 to 16 show, on a developed 
diagram of the furnace walls, the averages of the measured 
values of AT. ‘Isotherms” are then drawn, and these form the 
basis for some of the discussion. It is disturbing to observe, on 
studying these figures, that the pattern of the isothermals is so 
often discontinuous across the “hinge lines’ between the walls. 
For instance, in Fiz. 5, at the lower part of the furnace the “40” 
isotherm for the left wall seems to have no continuation on the 
rear wall, but rather to join, approximately, with both a 60 
and a 70 isotherm. A 100 isotherm, shown as an open 
line on the rear wall, seems to come next to a 40 isotherm on the 
left wall. ; 

This is not to argue that conditions on the adjacent wall sur- 
faces may be quite different, but only to say that the changes will 
not be discontinuities. 

On the basis of the data, to explore the possibilities of develop- 
ing a set of isotherms which would not show these discontinuities, 
Figs. 5, 10, and 15 of the paper have been selected and redrawn. 
The results are shown as Figs. 1, 2; and 3 of this discussion. A 
comparison with the original figures will show that in most areas 
_ the changes have not been great, but that in other areas, especi- 
ally near the corners of the furnace, they have been significant. 


1The discussion of papers in this Symposium has been com- 
bined into a composite of all four papers. Where reference is to 
individual papers, the ‘‘Part’’ number in question will be desig- 
nated, rather than the title and authors. Footnotes and illustra- 
tions will be numbered consecutively throughout the discussion. 

2 Research Engineer, Consolidated Edison Company of New York, 
New York, N. Y. Fellow ASME. 


TEST NO 3 
80.0% FULL LOAD 
25% EXCESS AIR 


RIGHT REAR LE 


Revisep IsorHERMAL AT DiaGRAm Test No. 3 
(Revision of Fig. 5, Part I.) 


Fig. 1 
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TEST NO 14-1 


SlCr ; Sf 806% FULL LOAD 
26% EXCESS AIR 


y--43 


680-----47 


-34 

---20 

660- LEVEL 
* AVG OT FRONT RIGHT REAR LEFT 


Fic. 2. Revisep IsorHerMAL AT Diacram at Enp or Test No. 14 
(Revision of Fig. 10, Part I.) 


ELEVATION 
740° 
| TEST NO 18 1 


F3Qehes ; ' bs f 00'% FULL LOAD} 
‘ ¢ 267% EXCESS AIR ¢ 


vale) 


Fic. 3 Revisep IsorHeRMAL AT Diacram, TrEst No. 18 
(Revision of Fig. 15, Part I.) 


As an incidental result, it is evident that one set of data may 
yield quite different “pictures’’ depending on the “artistic tem- 
perament” of the draftsman. 


F. G. Eny.* In considering furnace heat absorption it is 
well to bear in mind that this is not measured directly, but is 


3 Research Engineer, Research and Development Division, The 
Babcock & Wilcox Company, Alliance, Ohio. Mem. ASME. 
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calculated as a difference between two quantities which are meas- 
ured by very different basic means. Therefore it is important 
that all factors involved in the calculation be used as nearly as pos- 
sible in terms of absolute values, and of these the measurement 
-of furnace gas temperature is probably the most difficult. 

This discussion is essentially a report of supplementary work 
carried out recently at Tidd Station, under the auspices of the 
Committee, for the purpose of checking the accuracy of gas- 
temperature measurement when using a single-shield high- 
velocity thermocouple, and for a preliminary verification of the 
need for applying correction to the reported gas temperatures, 
as discussed in Part IV of the symposium. 

It is commonly accepted that the temperature indicated by a 
thermocouple in a furnace would be influenced by the rate of gas 
flow over the hot junction, which tends to heat the thermocouple 
up to true gas temperature, and by radiant transfer to or from the 
couple depending on its exposure and the nature of surrounding 
surfaces. In water-cooled, furnaces, remote from zones of active 
combustion, a bare exposed thermocouple invariably will read 
below true gas temperature. By placing a refractory shield 
around the thermocouple junction much of the radiant effect is 
overcome. The use of multiple shielding, with all portions 
heated by the gas stream, further reduces the influence of sur- 
rounding surfaces. Rate of gas-mass flow over the thermo- 
couple junction is a direct and important factor in developing 
equilibrium at or near the true temperature of the gas. 
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Fic. 4 ScuemMatic ARRANGEMENT OF EQUIPMENT AND MbptHop 


Usep ror Comparing HVT ann MHVT MrasvureMEntT or FurR- 
NACE GAS TEMPERATURE AT TIDD PLANT 


Equipment used for checking these conditions at Tidd Station 
is indicated in Fig. 4 of this discussion, which shows the high- 
velocity thermocouple (HVT) used on the original tests, as- 
sembled with a multiple-shield thermocouple (MHVT) in close 
proximity, and the two inserted to a distance of 6 ft into the 
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Fie. 5 Typican Caart SHowine SIMULTANEOUS Recorps or Furnace Gas TEMPERATURE 
As Mrasurep spy HVT ann MHVT EQUIPMENT SHown in Fia. 1 


FURNACE-PERFORMANCE FACTORS—DISCUSSION 


furnace cavity at door location E. Provision was made for 
measuring the rate of gas flow aspirated over each thermocouple, 
and the lead wires were connected to a two-pen Bailey electronic 
temperature recorder, with high-speed clock, for simultaneous 
measurement of comparative temperature records. Multiple 
shielding of the MHVT junction was composed of ten small 
porcelain tubes packed into the enclosing shield tube in such a 
manner that gas could be drawn through all spaces of the as- 
sembly, and the thermocouple junction itself was shielded by at 
least two porcelain surfaces from surrounding walls of the fur- 
nace. (In the dust-laden gases it was found that the small 
spaces rapidly became choked by fly ash, but reasonable records 
were obtained for’ periods of several minutes immediately after 
the gas flow was started.) 

A characteristic chart record is illustrated in Fig. 5 of this dis- 
cussion. To the best of the writer’s knowledge, this is the first 
time that a continuous record has been obtained from an HVT 
measuring furnace gas temperatures. The timing of the clock 
is such that 2 hr on the printed chart corresponds to 5 min of 
operating time. Both pens were given a preliminary check 
against four set values of millivoltage impressed by a portable 
potentiometer, and were then connected to the two thermo- 
couples to produce the record shown between 12:17 and 12:21 p.m. 
Lead wires were then interchanged and the records were con- 
tinued from 12:22 to 12:27 pm. It is of general interest to note 
the rather rapid fluctuation in gas temperature, with amplitude 
of 50 to 100 deg F shown by both thermocouples, but of immedi- 
ate interest to note that the record of the single-shielded HVT 
was approximately 100 deg F below the record of the multiple- 
shielded MHVT. During this run the mass flow of gases over 
the HVT was maintained at a value corresponding to that used 
in the original furnace tests, while the mass flow over the MHVT 
junction was held at a high value in order to be well above any 
critical point of its characteristics. 
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Fic.6 Errect or Gas Mass FLow on MbASuREMENT OF TEMPERA- 
TURE BY SINGLE-SHIELD HVT 


Fig. 6 herewith shows a correlation of data from a number of 
comparative tests run in this manner, but in which the mass flow 
over the HVT junction was varied and that of MHVT held at 
the same high value. The solid curves are for a platinum ther- 
mocouple and the dash curve for a chromel-alumel thermo- 
couple, both being compared to a platinum thermocouple in the 
MHVT. It will be noted that a distinct trend.to higher read- 
ings was indicated as mass flow was increased from lower values, 
‘which fairly approximates the slope of the reference curve re- 
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ported by Mullikin, in reference (5) of the author’s Bibliography. 
(Part IV). 

Dealing now with the gas-temperature values reported for the 
Tidd furnace tests, in which mass flow over the HVT was re- 
stricted to about 4000 psf per hr by limited capacity of the as- 
pirator used, it appears that an error of approximately 40 deg F 
can be ascribed to low aspiration rate, and that an additional 60 
deg F is accounted for by difference in shielding effect between 
the HVT and MHVT equipment. Corrections to the reported 
data of about this magnitude were found necessary for reasonable 


correlation with the furnace-tube temperature survey as reported 
in Part IV. 


PROBE PosiTIONS (AT DooR B) 
HvT 2 
MHVT e & 


GFT INSERTION 


Oe 


ce) 


3 FT INSERTION 
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TEMPERATURE 


I i" + 
1331 1346 1403 


1335° 1341 | i4et 
Time o- 5-47 


Fic. 7 Comparison or HVT anp MHVT Recorps UnprER Various 
ConDITIONS OF EXPOSURE AND LOCATION IN FURNACE 


An interesting disclosure of the effect of thermocouple ex- 
posure is indicated in Fig. 7 of this discussion, where comparisons 
of HVT and MHVT are shown for different probe positions at 
door location B. Here the major portion of boiler screen and 
superheater was located to the left of the thermocouples, and the 
upper furnace cavity was located to the right. The records show 
general similarity in following major changes of gas tempera- 
ture but indicate that the single-shield couple was most severely 
influenced by its surroundings. 

Further -explorations of this nature are needed, at different 
locations in the furnace and at different zones of temperature, to 
establish a complete basis of correction for the reported tests. It 
is strongly recommended that in future work of the Committee 
the problem and techniques of measuring true gas temperature 
be thoroughly investigated and developed for practical use. 


A. A. Orninc.! The heat-transfer data of Part I, estimated 
from measured furnace-tube-wall temperatures, indicate that a 
major portion of the heat release occurs in a small portion of the 
furnace volume. The ‘isothermal AT diagrams” are often ir- 
regular, due, at least in part, to irregular ash or slag deposits 
which were properly of primary interest to the Special Research 
Committee. These irregularities make it doubly difficult to 
estimate the location and size of the zone of intense heat release. 
However, it appears quite certain that the ability to change the 
portion of the total heat release absorbed in the furnace by tilt- 
ing the burners results from a change in the location of the.re- 


_gion of intense heat release. 


Shifts in the portion of the heat absorbed Fith rating are also 


4 Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. ASME. 
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probably due to changes in position or size of this region. These 
changes might well be the subject of more direct investigations. 
As a minimum, it might be interesting to have data on flame in- 
tensity as indicated by a total radiation pyrometer sighted at 
various angles through the furnace wali doors. 

In Part IV some consideration is given to the question of 
the most appropriate basis for calculating the ‘furnace heat- 
absorption efficiency.” The suggestion “that furnace efficiencies 
should be based upon the heat available above saturation tem- 
perature rather than above 80 F,” because ‘the capability for 
absorbing heat above saturation temperature does not exist’’ is 
somewhat misleading. Heat is required for producing super- 
heated steam and, even before the combustion gases reach the 
superheat temperature, it becomes more economical to extract 
the heat in a tube bank than by transfer to the cooled wall of the 
furnace chamber. Absorption of a portion of the heat in a less 
economical fashion is necessary in order to reduce the tempera- 
ture of the suspended ash so that it will not cause slagging dif- 
ficulties in a tube bank. 

Since a steam boiler serves the dual function of evaporating 
water and superheating steam, it is generally desirable that a 


fixed fraction of heat absorption should occur in the farnace walls. ° 


Accordingly, the better term would be the heat-absorption ratio 
rather than the heat-absorption efficiency which might suggest the 
desirability of 100 per cent efficiency. For the purpose of cor- 
relating heat-transfer data, the ratio of heat absorbed to total 
heat input above saturation temperature would appear desirable, 
but from the operational viewpoint, the ratio should be based 
upon the heat input above the gas temperature leaving the last 
evaporating or superheating section. From the design view- 
point, the ratio of real interest is that’of heat absorption to the 


cost per square foot of radiant heat-absorbing surface. ‘ 


E. M. Powetu.* Several interesting observations can be made 
from the data presented which might be more readily appreciated 
if given in terms of gas temperature rather than the designer’s 
term, absorption efficiency. For instance, the operator has at 
his command three primary methods for regulating the tempera- 
ture of the gases entering the convection boiler surface and 
superheater. These are the variation of excess air, the control 
of ash accumulation on the furnace walls by the operation of 
furnace-wall blowers, and the variation of the angle of burner 
inclination. The tests have been planned so that these factors 
can be isolated and evaluated individually. 

In Fig. 10 of Part II are plotted six tests showing’ the varia- 
tion of furnace heat-absorption efficiency with excess air for 
both clean and dirty furnace walls at essentially a constant rat- 
ing. Using the modified Hudson-Orrok equation in a similar 
manner to that described by the authors, correcting the data to 


5 Combustion Engineering Company, Inc., New YorkooN: oY. 
Jun. ASME. : 
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a constant rate of heat release of 74,000 Btu/hr/sq ft and cal- 
culating the corrected average gas temperature leaving the fur- 
nace, the following can be observed (see Fig. 8 of this discussion): 

The morning tests with a clean furnace show gas temperatures 
of 1800, 1785, and 1792 F, corresponding to 35, 23, and 17 per 
cent excess air leaving the furnace, respectively. In other words, 
there is essentially no variation of gas temperature with excess air. 
The afternoon tests with a dirtier furnace show gas temperatures 
of 1797, 1838, and 1870 F, with 35, 26, and 15 per cent excess air 
leaving the furnace, respectively, or a total variation of 73 deg F. 
Because of the sequence in which the tests were run, allowing 
ash to accumulate at a constant excess air and rating, the fol- 
lowing can be concluded: With 35 per cent excess air, no ash 
will accumulate on the furnace walls since there was no change in 
gas temperature, and the rate of accumulation will increase as 
the excess air is reduced. This is particularly interesting since 
the starting point of gas temperature is the same for all tests. 

Similar calculations from Fig. 8 of Part IV, also indicate prac- 
tically no change in gas temperature with excess air. 

The long-term effect of ash accumulation and thorough clean- 
ing is illustrated in Fig. 12 of Part II. Converting these cor- 
rected points to gas temperature shows a decrease due to clean- 
ing at the start of the test of 45 deg F. The maximum increase 
in gas temperature after cleaning was 90 deg F (test No. 25D), 


IRTY FURNACE 


ION 


Fig. 10 Errect or BurNER INCLINATION 


| 


FURNACE-PERFORMANCE FACTORS—DISCUSSION 


after which the temperature returned to that existing before 
cleaning or 45 deg F above that for a clean furnace (see Fig. 9 of 
this discussion). 

The third important variable, burner inclination, is illus- 
trated in Fig. 14, Part II. Converted to temperature these data 

_ indicate a.total change of 430 deg F, as the burner inclination is 
varied from —30 deg to +30 deg with a dirty furnace (see Fig. 10 
of this discussion). The change with a clean furnace is essen- 
tially the same as with a dirty furnace between —30 deg to 
horizontal. Test No. 13 was incomplete, as stated in the paper, 
and probably does not represent the true temperature as plotted. 
Confirming this opinion, other tests on units of this type have 
indicated that greater changes in gas temperature can be real- 
ized by tilting the burners upward above horizontal than tilting 
below horizontal, substantially as shown by the dirty-furnace 
tests. The correlation, given in Fig. 8 of Part IV, shows a total 
variation of 385 deg F between burner inclination of —30 deg 
to +30 deg of which 140 deg F is below horizontal, and 245 deg F 
above horizontal. These temperatures were calculated at a 
release rate of 79,000 Btu/hr/sq ft. 

In conclusion these tests demonstrate that the maximum gas- 
temperature change that can be effected by a reasonable change 
in excess air may be as much as 75 deg F, and the effect of wall 
blowers may be 50 to 100 deg F. By comparison, the added 
flexibility in operation resulting from the application of tilting 
burners and the corresponding variation of 400 deg F can be 
readily appreciated. 


AvuTHoR’s CLosuRE—Parrt I 


Mr. Davidson’s critical appraisal of the isothermal patterns 
included in Part I, while of interest, is hardly in accordance with 
the known facts involved in the tests. The contention that 
“conditions” on the adjacent wall surfaces . . . will not be dis- 
continuities” is simply not in agreement with these facts. 

In many instances, visual examination of the furnace walls 
during the tests revealed definite discontinuities in slag deposits, 
Le., “dirty” areas, covered with slag or semifused slag of various 
thicknesses, immediately adjacent to “clean” areas. Such lines 
of discontinuity occurred both within the confines of individual 
walls, and at the right-angle junctions of adjoining walls. Regular 
or smooth-flowing patterns for all walls, especially in furnace- 
wall zones near the burners, would be subject to questioning 
much more than would the irregular patterns evident to some 
degree in practically all of the isothermal plots reproduced in 
Part I, and especially in those applying to dirty furnace condi- 
tions. The “off-center” firing line of the burners is probably an 
important factor in the formation of these discontinuities. 

Referring to the proposed revision of isothermal lines in the 
vicinity of furnace wall corners, the cdnstant temperature lines 
approaching the corners of the furnace should logically be ex- 
pected to drop off sharply, due to the geometry of the furnace. 
The shielding afforded each corner zone by the wall adjacent and 
at right angles to it reduces the solid angle and correspondingly 
the radiant heat transfer to that portion of the wall. Also, the 
beneficial sweeping of walls by the hot gases is probably very 
much diminished in these corrter areas so that convection transfer 
is also at a minimum. 

It appears pertinent to describe briefly procedure used in 
selecting isothermal line paths for Figs. 5 to 16 inclusive of 
Part I. In all cases, the patterns used for these isothermal plots 
were carefully worked out by the author and his associates in the 
project, and were in no case turned over to others not directly 
associated with the test work No attempt whatsoever was made 
to impart an artistic touch to the data. The plots were co- 
ordinated, as far as possible, with the “furnace observation 
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reports” referred to in both Parts I and IV and with other 
related data obtained during the tests. 


Actors’ Crosure Part II 


The authors wish to thank Mr. Ely and Mr. Powell for their 
contributions to this paper. Mr. Ely has estimated, on the 
basis of data from direct comparisons of single and multiple- 
shield, high-velocity thermocouples, that a positive correction of 
100 deg F to the SHVT is required to place the temperatures on 
the basis of the MHVT. This value agrees very well with the 
weighted average value of 85 deg F, derived by the authors from 
the same data used by Mr. Ely and applied to all of the tempera- 
ture data given in the present paper. Mr. Powell has modified 
Figs. 10, 12, and 14, to show the effect of excess air, time, and 
burner angle on the temperature of the gases leaving the furnace. 
The conclusions he reaches are of definite interest to boiler design- 
ers and operators. 

It should be mentioned at this point that the present paper is a 
revised form of a paper originally presented at the Semi-Annual 
Meeting in June, 1947, the revisions consisting of corrections of 
gas temperatures to the MHVT basis, based upon direct compari- 
sons of the SHVT and MHVT under actual operating conditions 
of the Tidd furnace. Since comparison tests could not be made 
during the course of the furnace-efficiency tests, Mr. Ely and the 
Combustion Research staff of the Bureau of Mines made them 
only a few weeks prior to the presentation of the paper and 
therefore too late to include with the other data. The revised 
paper given here, however, has incorporated a correction of 85 
deg F, and gas temperatures and enthalpies are reported on the 
SHVT and MHVT bases for comparison. 

The conventional MHVT becomes plugged very rapidly with 
ash in pulverized-coal furnaces and generally the SHVT has 
been used for measuring gas temperatures. However, since the 
SHVT is known to give lower temperatures than the MHVT, 
corrections are applied to SHYT data to place them on the 
MHVT basis. It has been agreed by the Furnace Performance 
Factors Committee that such corrections dre unique to each 
furnace and depend largely upon the ratio of radiant to convective 
surface to which the shield is exposed. Therefore, part of the 
pending work by the Committee will be to devise and test vari- 
ous types of shields that are suitable for service in pulverized- 
coal furnaces, and yet as effective as the conventional MHVT 
with regard to indicating the true gas temperature. 


AutTHors’ CLosuRE—Part IV 


Mr. Orning’s analysis of the significance of the relative pro- 
portion of furnace heat-absorbing (radiant) surface to tube bank 
(convection) surface is quite sound. From the designer’s point 
of view, this ratio is of paramount importance when considering 
over-all boiler unit performance, especially as regards required 
superheated steam temperature. However, as should be evident 
from all four parts of the investigation, no attempt has been 
made to either test or analyze the performance of the entire 
boiler unit. 

In reply to the more specific question concerning the advis- 
ability of using “heat available above saturation temperature” 
as a basis for presenting furnace performance data, it should be 
stated that this was done only after a very careful analysis of 
the possible implications involved therein. It was finally agreed 
that this would provide a more nearly equitable basis for com- 
paring the relative heat-absorbing capacity of the particular 
furnace under test, with its characteristic shape and firing 
arrangement, with the heat-absorbing capacity of other furnaces 
with different shapes aad firing arrangements. Furthermore, it 
is the only basis of evaluating the absolute absorption. 


